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Bacteria are the most fundamental and abundant life forms on earth. The most important 
and basic component in a bacteria is its nucleoid, which mainly consists of a long DNA 
encoding the genetic properties of the bacteria, known as the chromosome. The bacterial 
DNA, in the order of millimetres long, is highly condensed and well compacted into the 
bacterial nucleoid, which is in the order of micrometres dimension. For the bacteria to 
adapt through changing environment and grow through different phases, gene regulation 
is an utmost important process to ensure that the correct genes are expressed in correct 
amount at a correct time to ensure survival. Therefore, the knowledge on how the bacteria 
perform its chromosomal packaging and gene regulations is very important and 
interesting. The key factor lies on a set of abundant DNA binding proteins. However, 
how exactly these proteins perform their biological functions are still unknown. Using 
single molecular techniques, we probe the interaction mechanism between the DNA and 
these proteins in the hope to understand their biological functions and shed light on the 
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Chapter 1 Introduction 
1.1 Bacterial nucleoid 
1.1.1 Bacteria cell and its structure 
Bacteria are ubiquitous and the most fundamental as well as important life forms 
on earth. They are unicellular microorganisms and appear in various shapes, ranging 
from rod to spiral structures. The most commonly found and a well-studied bacterium is 
the Escherichia coli (E. Coli), which is a rod-shaped gram-negative pathogenic bacteria 
commonly found in the lower intestine of warm-blooded organisms and greatly related 
to human health
1
. A few other examples of bacteria usually studied are Salmonella, 
fermentative gram-negative rod-shaped bacteria which grow anaerobically
2
; 
Pseudomonas, a gram-negative aerobic gamma proteobacteria that commonly cause 
disease in plants and animals
3
, and etc. Bacteria cells are typically small in size, in the 
order of micrometres dimension. They are prokaryotic cells with simple structures; it 
mainly consists of a nucleoid which contains the deoxyribonucleic acid (DNA), 
enclosed by a cell wall and plasma membrane, along with other cytoplasmic organelles 
like ribonucleic acids (RNA), proteins and metabolites. A schematic diagram 
illustrating the bacteria cell structure is shown in figure 1a below.  
 
 
Figure 1a. Structure of a prokaryotic bacteria cell.  
2 
 
1.1.2 Bacteria nucleoid and its architecture at different growth phase 
Bacteria, unlike eukaryotic cells, do not have a membrane bound nucleus; the 
bacteria’s nucleoid appears as an irregular shaped body in the cytoplasm. It is made up 
of a singular circular DNA in the order of millimetres long, encoding the important 
genetic information of the cell. Bacteria nucleoid holds a different architecture at 
different growth phase of the bacteria cell, and is affected by the surrounding 
environment as well as various other growth factors. A graph showing the growth 
phases of bacteria and schematics showing the previously proposed nucleoid 
architecture in exponential and stationary growth phases are shown in figure 1b below. 
 
Figure 1b: Growth phase of bacteria and its nucleoid architecture. (i) Graph shows 
the growth curve of bacteria cells, which is mainly divided into four phases. Bacteria 
growth starts with lag phase then into exponential/logarithmic phase where there is a 
rapid increase in cell number. Upon nutrients depletion, it enters stationary phase 
where cell growth equates cell death, and finally into death phase where there is a 
decline in cell number. (ii-iii) Schematics illustrate previously proposed nucleoid 
architecture in exponential and stationary growth phase respectively. The different in 
structure is mainly regulated by different type of proteins available at that growth phase. 
3 
 
Figure 1b(i) shows the growth curve of bacteria cells. Bacteria growth starts 
from lag phase, which the cells adapt to the surrounding environment and mature
4
. This 
is followed by exponential growth phase, also known as logarithmic phase, at which 
bacteria cells divide at constant rate, leading to a fast increase in cell number and this 
uses up a lot of nutrients and produces a lot of waste
5
. The nucleoid architecture of 
bacteria at these growth phases had been extensively studied by electron microscopy 
imaging, which reveals a rosette-like higher-order structure consisting of a central core 
which contains the RNAs, with emanating supercoiled loop domains
6,7
. This DNA 
architecture is consistence to results obtained from other physical studies where 
chromosomes are segregated into many supercoiled domains
8,9
 which depend on RNA
8-
10
, RNA synthesis 
9,11-14
, and protein 
12,13,15,16
. The organization of the central core is 
linked to the organization of the DNA loops, which appear condensed in beaded strings 
at a condensation factor of nearly 7, allowing the long DNA to fit into the bacterial 
nucleus
17,18,6
. A schematic of the previously proposed nucleoid structure in exponential 
phase had been shown in figure 1b(ii). 
However, in the natural environment, bacteria seldom encounter conditions that 
permit continuous exponential growth. When the nutrients deplete and too much 
inhibitory by-products are formed, bacteria no longer able to replicates rapidly. Thus, 
growth rate declines and metabolic activities reduce; the bacteria growth eventually 
enters stationary phase
19
, as shown in the growth curve in figure 1b(i). This phase of 
bacteria growth had attracted much attention and many studies had been done in the 
recent years on the molecular mechanisms utilized by the bacteria to survive the 
stationary phase. Note that the declining in growth here refers to the average behaviour 
of the bacteria cells in a population and not the behaviour of an individual cell itself. An 
individual bacteria cell goes through the different discontinuous processes of the cell 
cycle, such as chromosome replication, nucleoid partition, and cell division. Each and 
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every cells are therefore different, both in size and in metabolic activity, from one time 
point to another
20
. To ensure survival in the starved environment during stationary 
phase, the bacteria cell must remain viable such to be able to return to exponential cell 
cycle when starvation is relieved; this will unavoidably change the gene regulation and 
transcription patterns and more importantly, at a more fundamental basis, change the 
architecture of the bacteria nucleoid in order to protect the DNA from severe and 
irreparable damage. Previous study revealed that upon entering stationary growth phase, 
bacteria cell reduced in the size and its DNA content also reduced to a concentration 
that was about 5 to 10-fold lower than that at the transition point between the 
exponential and stationary phase
20
. The bacteria nucleoid also undergoes major 
reorganization, where the dispersed morphology of DNA is transformed into a highly 
condensed, toroidal structure, dictated by the intrinsic properties of DNA
21
. A schematic 
diagram of the previously proposed nucleoid structure in stationary growth phase had 
been illustrated in figure 1b(iii). 
In spite of the topological change at different growth phases, the bacteria 
chromosome DNA at its elongated form has about 4.7 megabase pairs at all times, 
equivalent to a length in the order of millimetres. However, the chromosomal DNA is 
highly condensed and well organised into the nucleoid of the bacteria cell which is only 
several micrometres in size. The 1000 times different in dimension is significantly large 
such that the DNA requires complicated ultimate segregation but at the same time, 
remains functional. The universal principal mechanism of chromosomal packaging is by 
negative supercoiling, either constrained or in free form
22
, where the unwinding of the 
DNA duplex by DNA gyrases generates plectonemic loops and branches
23
. This not 
only condenses the chromosome but also draws DNA in on itself. These supercoiled 
domains are topologically insulated from each other
8
 with the help of boundary 
elements or domainins that restrict the free rotation of DNA, which includes some small 
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proteins bound onto DNA, structural maintenance of chromosome (SMC) condensing 
complexes, topoisomerases, RNA polymerase and even RNA
24-26
. In prokaryotes, a set 
of small abundant DNA binding proteins which bind specifically and non-specifically 
throughout the genome further facilitates chromosome compaction and organization by 
introducing various DNA local deformations and by different physical organization of 
large DNA segments
23
. This important group of DNA binding proteins are referred to as 
nucleoid associated proteins (NAPs). Given the abundance of domain barriers and their 
intimate association with the chromosome, domainins may have dual roles besides 
chromosome packaging, such as transcription regulation. Domain barriers may have 
evolved from the important NAPs which already possess such functions, or they may 
have acquired additional functions
22
. This highlights the importance of NAPs in both 
structural maintenance as well as biological functions in bacteria cells. 
 
1.1.3 Nucleoid Associated Proteins  
As introduced in the previous part, the genomic DNA of bacteria is associated 
with a core set of small DNA-binding proteins, referred to as NAPs. These NAPs not 
only determine the structural conformation of the DNA but also the biological functions 
such as replication, recombination, repair and transcription. There are more than 300 
types of different proteins present in a bacteria cell, in which a core set of around 12 
species of proteins are identified as NAPs
27
 and found to be essential for the cell 
survival. Some examples of these identified proteins are Fis (factor for inversion 
stimulation), IHF (integration host factors), Dps (DNA-binding protein from starved 
cells), H-NS (histone-like nucleoid structuring protein), HU (heat-unstable nucleoid 
protein), StpA (suppressor of td2 phenotype A), etc. A complete list of the 12 identified 
species of NAPs can be found in review article by Azam et. al., 1999. As expected from 
the growth dependant change in nucleoid architecture, the population of these 12 
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species of NAPs also depends on the bacteria growth phase and its surrounding 
environment. Previous study on the intracellular concentration of these NAPs gives an 
average copy number of 20,000 to 200,000 for each NAPs per cell
28
, which estimate to 
at least one NAP molecule binding to every 10 bp of the chromosome; therefore, the 
bacteria chromosome will be fully bound with NAPs. Attributing to the high 
intracellular abundance of H-NS, HU, Fis and IHF, these proteins are generally believed 
to be the most important players in the chromosomal organization and compaction.  
Over-expression of H-NS in bacteria cells has resulted in heavily condensed 
nucleoid architecture
29
 and the deletion of H-NS led to change in DNA supercoiling 
level
30
. Previous studies on H-NS-DNA nucleoprotein complexes by AFM imaging 
revealed that H-NS can polymerize along DNA in patches and these filaments can form 
bridges to adjacent tract of DNA in the presence of magnesium ions
31-33
.  
The over-expression of HU, as well as its sequence homologue IHF, also 
resulted in a more compacted nucleoid
34,35
. Both HU and IHF molecule has two 
protruding b-ribbon arms which can wrap around the minor groove of DNA and a 
conserved proline residues which can intercalate between the DNA base pairs
36,37
. 
Previous study also showed that HU preferentially binds to supercoiled DNA and 
constrains negative supercoiling in vitro
38
. Electron microscopy had shown that HU can 
compact circular DNA into nucleosome-like nucleoprotein structures
38
. The importance 
of IHF might not be as high as HU as it is 5 times less in copy number
27
, but it still 
contributes significantly to chromosomal DNA packaging. Previous study reported the 
presence of about 1000 IHF binding sites in E. Coli chromosome; while the remaining 
IHF molecule of 30,000 – 60,000 per cell attributed to non-specific binding and induces 
a compaction of the DNA of maximally 30%.  
Another major NAP involved in bacterial chromosomal DNA packaging is the 
Dps protein. Dps protein molecule exists as a dodecameric structure with its lysine 
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residue protruding out; three neighbouring dodecamers join together forming a hole in 
between, which the DNA is believed to thread through, forming a beads-on-string 
structure
39,40
. AFM imaging showed that Dps can condense DNA in vitro into a high 




As mentioned earlier, the abundance of NAPs and their localization along the 
DNA not only play an architectural role, but are also important for other nucleoid-
related functions such as gene regulation and transcription as well as DNA-repairing 
works. The localization of NAPs near specific promoter sites is usually associated to the 
association of RNA polymerase to promoters or the formation of open complexes for 
transcription initiation. For example, specific binding of IHF to DNA releases the stored 
free energy so to be available to assist the formation of the open transcription complex 
at the promoter, thus activating the ilvPG promoter of the ilvGMEDA operon of E. Coli 
42
.  
The abundance of each NAPs varies in different growth phases and depends on 
the surrounding conditions
27
, thus enabling different NAPs to perform their biological 
functions when and as they are needed. Fis protein was identified in E. Coli as a factor 
involved in site-specific DNA combination. The intracellular level of Fis was about 
60,000 molecules in exponential phase but drastically drop to undetectable level in 
stationary phase
28
. This growth dependent change suggested that Fis is needed for 
transcription of growth-related genes and DNA replication. HU is also another NAP 
which is highly abundance at about 30,000 to 55,000 molecules in the exponential 
phase
28
, indicating that like Fis, it plays important role in the transcription of growth-
related genes. On the other hand, Dps is the only NAP that is produced only in the 
stationary phase E. Coli 
39
 and it plays a role in compacting the nucleoid DNA into a 
more stress-resistant state
43
. From the sudden dramatic increase in Dps concentration 
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upon entering stationary growth phase, Dps is suggested to be correlated in the 




1.1.4 Stress-response of bacteria 
Bacteria are ubiquitous, they live in complicated and crowded environment and 
may present even in the most unlikely habitat you may think of. Some non-pathogenic 
bacteria can be found in places with extreme conditions, such as in refrigerator or even 
in Antarctica where the temperature is drastically low, in hotspring or desert where the 
temperature is very high, and even in seawater with high osmolarity as well as at the 
bottom of the ocean with extremely high pressure. Other pathogenic bacteria can be 
found in various parts of the human body, such as in the human gut where there is no 
oxygen, or in the stomach where the acidity is rather high, as well as in the respiratory 
tract where enzyme lysozyme is present, and etc. In order to survive in these lethal 
environments, bacteria must be able to adapt well and evolve accordingly. Even if they 
do not originate from extreme environments, their survival from moment to moment 
still depends on its ability to sense and response to changes in its immediate 
environment. The mechanisms for responding to environmental changes are universally 
present in living things. For example, when mammals sense a threatened environment, 
they will have a adrenaline rush resulting in a “fight or flight” response which requires 
regulated interactions among numerous organ systems
46
. Similarly, single-cell 
organisms like bacteria also has natural stress-response system. At times, when bacteria 
change from one environment to another, it may enter adverse conditions which pose a 
threat to its survival. Take for example bacteria which are associated with foodborne 
infections (eg. some E. Coli serotypes, Salmonella enterica serovar 
Typhimurium, Listeria monocytogenes), although they may live comfortably inside the 





. To ultimately cause human infection, the foodborne pathogen must first survive 
the transit in food or water, a lot of commercial food for consumption nowadays are 
treated or specifically designed to control or eliminate microbial contaminants. 
Following that, the bacteria will be ingested into human (or animal) body and exposed 
to conditions that have evolved to provide the body with protection against pathogenic 
microbes; this includes release of gastric acid, bile salts and other organic acids within 
the gastrointestinal tract. Therefore, to survive extreme and rapidly changing 
environmental conditions, bacteria must be able to recognise the stress then respond 
respectively and appropriately to maintain proper cellular functions. Some of the stress 
experienced by bacteria includes sudden drastic changes in physical or chemical 
parameters like the surrounding temperature, pressure, pH and osmolite/salt 
concentration; other stress can arise from nutritional and oxygen deprivations as well as 
present of toxic compounds. To fight the effect of stress and adapt to the stressful 
situation, bacteria cell need to eliminate these stress factors, for example by adjustment 
of intracellular osmolarity or by searching for nutrients or alternative food source; they 
may also need to repair the damage done to the cell either by DNA repair or protein 
repair. All of these will involves activating a different set of specific proteins which will 
help the bacteria cell to escape the stress situation. As important as the NAPs which 
present in abundance in bacteria cell, this set of specific proteins, which may or may not 
be associated to the nucleoid, are also essential for bacteria cell growth under stress. We 
referred these proteins as the stress-response proteins. 
 
1.1.5 Stress-response induced Nucleoid Associated Proteins 
Besides the 12 species of identified NAPs which are essential for bacteria 
growth, there are new DNA-binding proteins continuously being found, especially those 
which are express under stress as they were more difficult to be found under normal 
10 
 
growth. Stress-response proteins are mainly small proteins, typically of 50 or fewer 
amino acids, which are usually insignificant in terms of copy number but are highly up-
regulated in response to stress. Besides by stress induced, some of these small proteins 
actually accumulate under specific growth conditions. For some genes, the observed 
changes in protein levels were consistent with known transcriptional regulation, such as 
ArcA activation of the operons encoding yccB and ybgT. Some other of the more 
frequently studied stress-response proteins are IbpA and IbpB proteins which 
accumulate upon heat shock
47,48
, and Csp family proteins accumulate in response to a 
variety of stresses, including cold shock and nutrient deficiency
49,50
.  
IbpA and IbpB proteins is up-regulated about 20-fold upon heat shock and are 
mainly located in the bacterial outer membrane
48
; they protect the bacteria cell by 
increasing the cellular tolerance to the surrounding heat increase
47
. Besides recognizing 
heterologous protein inclusion bodies in E. Coli cells; IbpA and IbpB also recognize 
endogeneous bacterial proteins aggregated intracellularly by heat shock. When both of 
these proteins are simultaneously present in the bi-chaperone Hsp70-Hsp100 system 
during substrate inactivation, they efficiently stabilize the thermally aggregated proteins 
in a disaggregation competent state, leading to lower hydrophobicity of the aggregates 
and affecting their ability to withstand sizing chromatography conditions
47
. 
E. coli contains a large CspA family: CspA to CspI. CspD is induced upon 
starvation during stationary growth phase
49
 while other CspA homologues are induced 
in response to severe temperature downshift during lag growth phase
50
. Overproduction 
of CspD results in cell death from change in cellular morphology similar to that 
observed when DNA replication is impaired. CspA is suggested to be a RNA chaperone 
which prevent secondary structure formation in mRNAs at low temperature, thus 
enhancing translation efficiency
51
. The other CspA homologues are also believed to 
enable cells to adapt to low temperature. 
11 
 
In addition to being highly induced as a response to stressful environment, some 
of the stress-response proteins actually also belong to the group of growth-dependant 
NAPs identified earlier and mentioned in the previous chapter. One such example is 
Dps protein which is up-regulated in the early stationary phase upon starvation. This 
made the protein even more important as they not only provide architectural support but 
are also crucial for the bacteria survival in a nutrients depleted environment, probably 
by DNA protection as well as gene regulation and transcription. 
Besides the extensively studied stress-response proteins, newly found proteins 
are continuously being discovered which made them the novel stress-responses proteins 
less studied. Some newly identified genes in response to stress are like Zur repression of 
ykgMO, CRP repression of azuC and CRP activation of ykgR. 11 small proteins are 
found to increase in level after heat shock, where one of this occurs at a 
posttranscriptional level
52
. Another important protein is the YgiP protein, which initially 
has unknown function but later discovered to be involved in regulation of the adjacent 
ttdA-ttdB genes encoding tartrate dehydrogenase
53




As these stress-response proteins are small in size and low in copy number in 
usual growth conditions, it poses a challenge in the whole-proteome studies of any 
biological system due to technical limitations. They are difficult to be detected using 
standard biochemical technique like two-dimensional gel electrophoresis since they 
typically consist of 50 or fewer amino acids
55
. Even with improved methods like using 
mass spectroscopy with higher sensitivity and resolution, peptide degradation of the 
small proteins still made it difficult to be identified
56
. Due to all of these experimental 
constraints, although the importance of the stress-response proteins is known, little had 




1.2 DNA binding modes and physical organization of nucleoid by NAPs 
Even though DNA metabolism and transcription activity happens at different 
scales at different regions of a rapidly growing cell, the more passive genes can still be 
rapidly activated in response to sudden environmental changes. This requires dynamic 
DNA nucleoid organization which allows access to targeted proteins at times, and also 
suggests that the nucleoid is not homogeneous in structure and a correlation exists 
between transcription activity and local nucleoid organization. The function of NAPs 
depends on how they bind to DNA locally at their binding sites and how these local 
bindings affect and organize DNA over longer length scales. Therefore, it is especially 
important to understand both DNA binding modes and organization, individually and 
concurrently. 
 
1.2.1 Local DNA binding modes of NAPs 
As previously mentioned in section 1.1, NAPs typically cover ~10 bp of DNA at 
their binding sites, the interaction mechanism of proteins and DNA at these binding 
sites are referred to as the local DNA binding modes. Binding of proteins onto DNA 
may or may not deform the DNA locally at the binding sites; however they are believed 
to form the structural basis for greater interaction in a more global scale. The local DNA 
binding mode differs for each protein species and is determined by the structure of 
protein itself. Some local DNA binding modes result in DNA bending, wrapping as well 
as local unwinding. Some other proteins can bind onto DNA and not affect the DNA 
conformation locally, but it can reduce the energy barrier for binding by the subsequent 
protein molecule at the binding site next to it; this results in positive cooperative 
binding. Conversely, some bound protein can increase the energy barrier at its local 
DNA binding sites, making it more difficult for the next protein to bind. These local 
binding modes will be explained further in details later using known NAPs as examples.  
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1.2.2 Physical organization of DNA 
As chromosomal DNA are long and randomly coiled, remote parts of DNA can 
be brought near each other and interaction between them might happen at the protein-
DNA binding sites. Therefore, if we look at DNA at a global scale, we might be able to 
understand more on how the binding modes of the proteins affect the DNA organization, 
in the hope to shed some light on how the proteins perform their biological functions.  
Take for example a DNA-stiffening protein, as the name suggested, it will cause 
the DNA rigidity to become stiffer as the protein binds and polymerises along the DNA, 
forming a nucleoprotein filament. The protein may binds onto part of, if not whole, of 
the DNA depending on the binding sites and protein cooperativity. This DNA binding 
mode is referred to as DNA stiffening. There also exist some proteins which has more 
than one binding sites, it can bring two or more remote parts of free DNA together and 
bind the overlapping parts of the DNA, especially for sequence specific binding. This 
type of DNA organization is termed DNA juxtapositioning. Another example of DNA 
organization termed as DNA bridging is mediated by the interaction of protein-bound 
DNA; DNA-bridging proteins are able to adhere two adjacent tracts of DNA. DNA 
bridging can happen between a pre-formed nucleoprotein filament and a segment of 
bare DNA
32,57
, or by diffusive proteins with two DNA binding sites
58,59
. When this 
happen on the same DNA, it results in formation of various structures such as hairpin-
like structures and DNA loop. DNA juxtapositioning and DNA bridging are especially 
important in preventing certain part of DNA to be exposed or accessible during gene 
silencing regulation. Meanwhile, there is another scenario where a diffusive protein 
binding unit has multiple DNA binding sites; it can bring many parts of DNA together 
and result in random juxtaposition. Such random juxtapositioning of remote DNA sites 
can result in complex DNA condensation.  
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Both the DNA binding modes and organization plays important role in 
performing the biological functions of each protein. Previous studies had found that a 
single species of protein can mediate different DNA binding modes and organization by 
tuning its concentration as well as changing environmental factors, such as osmolarity, 
pH and temperature; these environmental dependant DNA binding modes will be 
further explained with examples in the following part in this chapter. As a summary of 
these DNA binding modes and organization, a schematic is provided below in figure 1c. 
 
Figure 1c. DNA binding modes and organization. Proteins are able to bind onto DNA 
via different local DNA binding modes like DNA bending, wrapping, unwinding and 
polymerization. These local protein-DNA bindings lead to different DNA organization 
in a global scale, such as DNA juxtapositioning, bridging, stiffening, condensation and 
aggregations. 
 
1.2.3 Binding modes and physical organization by previously known NAPs 
Different NAPs binds onto different parts of the DNA, giving it different 
architectural structures. Using known NAPs as examples, let us now look in a more 
detailed way how the protein structure determines its local binding mode on DNA and 
how this affects the DNA globally and the resultant DNA organization. 
IHF protein, as introduced in the previous section, exists in copy number of 
around 30,000 – 60,000 per cell. Although some IHF family members are sequence 
non-specific in their binding, IHF binds to specific DNA sequences with nanomolar 
affinity
60
. IHF protein structure is a heterodimer of two similar subunits that fold into a 
single molecule with two long β ribbon arms extended, a unique structure that resulted 
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its local DNA-binding mode
60
. Model of the IHF-DNA complex suggests that the DNA 
wraps around the body of the protein whose arms in turn wrap around the minor groove 
of the DNA. The positive charges formed by IHF lining the inside face of the DNA 
allows bending by mutual repulsion of the phosphates on the outside face of the DNA. 
In addition, the β ribbon arms reach around to the outside of the complex, where the 
prolines at their tips intercalate between base pairs. This model suggests that IHF 
protein interact with DNA locally at the binding sites by wrapping and bending with an 
angle >120° 
60,61
. This model is consistent with previous study by AFM imaging that 
reported IHF’s ability to bind onto DNA and cause local deformation by bending DNA 
at the binding site
62
. The same study also revealed that IHF-DNA binding can be tuned 
by environmental factors; IHF mediated DNA bending is switch off at high KCl 
concentration, both in the presence and absence of MgCl2. Looking at a longer DNA 
scale, AFM studies revealed DNA aggregations in low KCl concentration in the 
presence of MgCl2. When MgCl2 is absent, only local DNA bending is observed and 
this brings remote DNA parts closer to each other but with no chemical interactions 
between them. In the presence of MgCl2, it is observed that IHF protein results in a 
different DNA organization: it is able to juxtapose remote DNA parts and further 
interactions of nucleoprotein complexes result in large DNA aggregations. 
Due to the important features in IHF-DNA local binding mode, it is reasonable 
to expect that the IHF homologue, HU protein which is 40% identical in sequence, has 
similar local DNA-binding mode. Indeed, previous study by X-ray crystallization of 
HU-DNA complexes reveal bend angles between 105° and 140°
36
, and another AFM 
imaging reveals a sharp DNA kink when the DNA is incubated with a low HU 
concentration of < 100 nM
63
. The similarity of underlying mechanism of the local 
DNA-binding supports the importance of NAPs in maintaining the structural 
architecture of the chromosomal nucleoid. Despite their strong homology, there are still 
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large difference between the two protein-DNA complexes in term of binding site size 
and bend angle
36
. Gel-retardation assays reveal that HU binds DNA in a regularly 
spaced fashion with a binding site of ~9bp and on the other hand, only one IHF binds 
non-specifically to a 35-bp strand of DNA, even at high concentrations
64
. Comparison 
of both nucleoprotein complexes suggest that the sharper bending mediated by IHF is 
correlated with longer DNA binding sites and smaller dihedral angles
36
.  In addition, 
HU protein organizes DNA in a very different concentration dependant manner. 
Previous AFM images showed a switch from highly condensed, thin and flexible DNA-
protein complexes to thick, rigid filaments when HU concentration is greatly 
increased
63
. However, at low salt concentration, partial coated nucleofilament is 
observed, indicating an electrostatic origin of the high degree of cooperativity of 
filament formation. A superhelical structure is proposed, in which HU and DNA spiral 
around each other with only marginal change in filament contour length, consistent with 
another study which reported HU-induced supercoiling
65,66
. This ability of rigid 
filament formation by HU protein had not been observed with IHF protein. 
From similarity of IHF and HU proteins mentioned above, we can see that local 
DNA binding modes largely depends on the structure of the proteins itself. We now 
proceed to look at how H-NS protein structure affects its DNA binding mode and 
organization. H-NS family proteins mainly consist of a C-terminal DNA-binding 
domain and a coiled-coil N-terminal domain with at least two identified dimerization 
sites
67,68
. The oligomerization and DNA-binding domains are joined via an unstructured 
flexible linker with the two the isolated N-terminus display parallel or anti-parallel 
arrangement of the dimer interface
69,70
. H-NS binds onto DNA without bending or 
deforming it locally but it reduces the energy barrier for protein binding at the next 
binding sites. Therefore, H-NS is able to polymerise along the DNA and results in DNA 
stiffening
33,71
. Such cooperative binding predicts formation of patches of rigid H-NS 
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nucleoprotein filaments, which had been confirmed by recent AFM imaging studies
33
. 
H-NS family proteins can also organize DNA globally into various conformations, 
including hairpin-like large DNA bridges and higher-order DNA condensations
72
.  
 Other starvation induced NAPs like Dps binds onto DNA with, again, a 
different local binding mode. Protein crystallisation and electron microscopy imaging 
revealed Dps complex as a dodecameric structure formed by twelve identical subunits 
with extended lysine rich N-terminal, three adjacent dodecameric complexes in turn 
form a hole in between them
40,73,74
.  DNA in the Dps–DNA complex is assumed to be 
threaded through the hole and to interact with the lysine residues. Although the 
interaction between Dps and DNA do not form a visible impact locally at the binding 
sites, the similarity in Dps dodecamers crystallization in vitro and of Dps–DNA 
complexes in electron microscopy preparations lead to a hypothesis that the local Dps-
DNA interaction form a structural basis for greater Dps-DNA interactions at a longer 
DNA scale and promote the same type of protein–protein interactions which lead to 
self-aggregation. Indeed, previous Dps study by AFM imaging at low MgCl2 
concentration reveals that in the presence of DNA, all Dps docecamers are sequestered 
into large Dps-DNA condensates, indicating strong macromolecular interactions, and 
appear to contain one or more plasmid molecules looping out from a central Dps 
aggregate, forming a coral-like structure
40
. It is also shown in the same study that no 
Dps-DNA aggregates are formed in 5 mM MgCl2 at pH 8.0 and further increasing 





Figure 1d. DNA organisation properties of proteins tuned by environmental condition. 
Protein can bind onto DNA and mediate different local DNA binding modes and 
organization depending on the environmental condition. For example, H-NS can switch 
between DNA stiffening and DNA bridging according to surrounding magnesium ion 
concentration. Similarly, IHF switchs from DNA bending to DNA juxtapositioning in 
presence of magnesium ions. 
  
It had been explained in this section that different NAPs bind locally onto DNA in 
their own unique ways and result in different DNA organization which is sensitive to 
surrounding environment. Figure 1d thus shows a simple schematic summarizing the 
different known protein-DNA binding and their DNA organization tuned by 
environmental condition. Although there are continuous studies of different NAPs from 
various perspectives, both the detailed mechanism of how these NAPs attain their local 
DNA binding modes and organization are still unclear. Moreover, there are still a lot of 
NAPs yet to be studied and many small proteins continuously being found. In addition, 
it is believed that proteins do not work individually but with concerted action; their 
interactions with other proteins are still poorly understood. It will be helpful to study the 
proteins at a single molecule level to provide more basic information which hopefully, 




1.3 Single-molecule studies of DNA binding and organization by NAPs 
From the previous two sections, it is understood that NAPs and stress-response 
proteins play important roles in ensuring the bacteria survival. Although there are 
continuous on-going studies in investigating the biological functions and mechanisms of 
these proteins, most of the work are done using electron microscopy imaging, gel 
electrophoresis assay, and etc. This type of bulk measurements allow us to understand 
the localization of these proteins and global structural architecture of nucleoid which 
provide insights on the biological functions of the proteins. However, it does not let us 
understand the mechanisms on how these functions are achieve, which warrants studies 
from a more basic level by understanding the local DNA binding of the protein. 
Improvement from traditional bulk measurements of experiments leads to single-
molecule technologies, which allows observation of details that are usually obscured in 
bulk measurements, thus providing a much accurate representation of data. By 
focussing on one molecule at a time enables us to study the molecule property even if it 
is rapidly changing with time as measurements from the single molecule approach can 
provide the reaction kinetics and thermodynamics pathways of that molecule. It also 
allows us to select the ideal molecules that we want to study, even if there is a poorly-
synchronized sample pool. Single molecule studies are usually being approached by 
either single-molecule imaging or single-molecule manipulation technique; there are 
various ways and tools that can be used in both approaches. Single-molecule imaging 
provide direct visualization of the global conformation and localization of the molecule 
at different phases of the biological process while single-molecule manipulation 
techniques allow us to understand how the intrinsic properties of the molecules change 
with surrounding environment in the presence of force. These single-molecule imaging 
and single-molecule manipulation approaches are explained with examples in part 1.3.1 
20 
 
and 1.3.3 respectively while a simple representative schematic diagram of both 
approaches are shown in figure 1e below. It will be an advantage to combine both 
approaches together to further study the molecule from different aspects in a more 
detailed manner. 
 
Figure 1e: Schematic of single molecule manipulation and imaging approaches. (i) 
Single molecule manipulation approach where a DNA is attached at both ends to 
spherical bead which force is exerted to create a tension in the DNA. When DNA is 
pulled by larger force, it is more extended. Conversely, at a lower force, remote parts of 
DNA are able to interact due to protein interactions. This allows us to study the 
mechanical force response of the DNA. (ii) Single molecule imaging approach where 
both ends of DNA is attached to a chemically modified surface and fluorescence-tagged 
proteins can be imaged, revealing its binding sites on the DNA. 
 
1.3.1 Single molecule imaging techniques 
Single-molecule imaging approach allows us to visualise the single-molecule 
localization and conformations. This can be done by both non-fluorescence and 
fluorescence imaging based on atomic force microscopy, total internal reflection 
fluorescence (TIRF) microscopy, single-plane illumination microscopy (SPIM), and etc. 
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Single-molecule imaging techniques are widely used and had been a powerful tool to 
gain insights to many important biological questions. Here in part 1.3.1, we will briefly 
introduce a few methods of imaging techniques and later in the part 1.3.2, we will 
introduce the working principle of AFM in a more detailed manner, which is commonly 
used as single molecule imaging approach and also the method we used in the works 
recorded in this thesis. 
The most commonly used non-fluorescence single-molecule is by atomic force 
microscopy, which provides the topological information of the biomolecules adhered to 
a chemically-modified flat surface. The resultant image is said to be a 2D presentation 
of a 3D sample, information is usually extracted from the height profile of the AFM 
image. AFM imaging is able to provide spatial resolution up to sub-nanometer and has 
been used to image single bio-molecules such as DNA, proteins, nucleoprotein 
complexes and even single cells. Recently, AFM had been incorporated with a high-
speed scanner which highly improves the time resolution during imaging, and AFM can 
now be done both in air and in liquid, hence enable processes such as single myosin 
walking on actin and ATPase catysed reaction to be visualized.  
On the other hand, fluorescence single-molecule imaging, as the name suggested, 
uses specific fluorescence labelling to identify the biomolecule of interested. These 
techniques make use of optical sectioning which greatly reduce the background 
contribution of non-focal plane fluorophores, thus improving the signal to noise ratio. 
TIRF microscopy is a special technique which delivers images with an outstanding high 
axial resolution; it allows imaging of fluorescent molecules located close to the 
glass/water interface, achieved by employing an evanescent wave for excitation of the 
fluorophores instead of direct illumination. This occurs when the incident light is totally 
reflected at the interface of the two media with different refractive indices. As the 
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energy decreases exponential with distance to the interface, only fluorophores in a 
certain proximity to the interface are excited, hence reduces the background noise.  
Another fluorescence microscopy technique, SPIM, uses focused light-sheet to 
illuminate the specimen from the side. This allows high penetration depth which result 
in excellent resolution while being minimally invasive. The light converges towards the 
sample and diverges away from it, with the waist of the light sheet positioned in the 
centre of the field of view. Therefore, only the in-focus part of the specimen is exposed 
to laser light, which provides optical sectioning and reduces photodamage. The 
fluorescence signal emitted from the in-focus section is detected in parallel to the entire 
field of view, which provides high imaging speeds. 
All of these single molecule imaging techniques has their own strengths and 
problems. Sometimes, they are even used in a combination in order to provide a better 
or maximum understanding on the localization and kinetic or mechanism of 
biomolecules under study. These imaging techniques had proved to be a powerful and 
useful tool in single molecule research which provided many insights to many 
biological questions. 
 
1.3.2 Atomic Force Microscopy  
In our work in this thesis, atomic force microscopy (AFM) is used as an imaging 
tool to provide the topography of the biomolecules which are trapped on the surface. 
AFM imaging can be performed both in air as well as in liquid and all these can be 
obtained at a sub-nanometer resolution. Figure 1f below shows the schematic diagram 
of AFM imaging. Basic principle of AFM imaging is based on a sharp tip which probe 
the sample prepared at a raster pattern, resulting in a 2D representation of 3D structures 
which gives the topographic features of the sample. The AFM tip is mounted on a 
cantilever which lateral and vertical displacement is controlled by piezoelectric 
23 
 
actuators; a laser beam is deflected on the cantilever and captured by a photodiode. The 
interaction of the cantilever tip with the sample will result in distortion of the cantilever 
angle, which will be detected by the deflection angle of laser beam. 
 
Figure 1f. Schematic of atomic force microscopy. Schematic at the center shows 
AFM used as a imaging tool by raster scanning the sample to produce a 2D projection 
of the 3D topology. Six panels at both sides shows ability of AFM imaging to visualise 
the DNA organization and understand its binding mechanism from the height contrast 
of image. 
 
 In an AFM imaging, the height profile of the image gives us most, if not all, the 
details needed for result analysis. Combination of the direct visualization of the image 
and the height contrast, we are able to elucidate the DNA structure mediated by the 
protein. Take for example the schematic drawn in the top left panel in figure 1i, the 
DNA loop can be directly visualized and the core of the complex will have a rather high 
height compare to other part of the DNA which is not bound with protein. This allows 
us to deduce that there exist protein-protein interaction and they bring remote part of 
DNA together, forming a coral like structure. Similarly, DNA aggregations can be 
detected when the height profile is a lot higher than the surrounding naked DNA. 
Bottom left panel in figure 1f shows DNA bind with a DNA-bending protein. The 
24 
 
protein can be detected at the binding site as the height of DNA at that local binding site 
will be greater than other part of bare DNA, indicated from the colour contrast. A short 
DNA will be rather straight, but upon binding of DNA bending protein, a kink or sharp 
angle can be seen on the DNA. On the other hand, this is not easily observed for a 
longer DNA. A long DNA not stretched under force is randomly coiled, but upon 
binding to DNA bending protein, the DNA is brought nearer to as they are bend more, 
resulting in an even more coiled structure that can be directly visualized. 
Top right panel in figure 1f shows the schematic of a DNA bound with DNA-
stiffening proteins. It can be seen that the DNA appear as a thick rigid filament with a 
height similar to that of the protein itself. Besides the DNA binding mode, additional 
can also be extracted from an AFM image. If proteins coat the DNA in patches or fully 
coated DNA is observed among many naked DNA, it can be deduced that the protein 
binds onto DNA with positive cooperativity. The second panel in the figure shows thick 
DNA bundles formed by proteins. This can usually be concluded from the reduced 
DNA length as the DNA folds into half or more, it will also be very rigid with a height 
contrast indicating that there are proteins coated on it. The bottom right panel in figure 
1f shows the scenario for DNA-bridging proteins. A naked DNA loop can be observed 
and the part of DNA with protein will has an increased in height profile. It can also be 
determined whether the interaction is between a nucleoprotein filament with naked 
DNA, or between two part of nucleoprotein filament by measuring the width of the 
structure and compare it to the average diameter of loose protein.  
It can be seen that AFM imaging is an important tool that enable us to directly 
visualize the nucleoprotein structure and extract important information of both local 





1.3.3 Single molecule manipulation techniques 
Besides single-molecule imaging, another useful and commonly used approach 
is the single-molecule manipulation technique. Such technologies can apply a 
mechanical constraint, such as an external force, to DNA and measure its deformation. 
Protein binding to DNA often causes conformational changes to DNA, resulting in 
changes to its mechanical responses. This change in response enables protein-DNA 
interaction to be “felt” by single-molecule manipulation experiments. It allows the study 
of a molecule’s structure stability and interaction with changes in the surrounding 
parameters within a range in high spatial and time resolution. By providing information 
on the intrinsic property of the biomolecules under study, this approach is a good 
complement to the single-molecule imaging.  
The capability of probing the mechanical response of a single DNA molecule 
and how it depends on protein binding has important biological implications. This is 
because in vivo chromsomal DNA is under various mechanical constraints such as 
stretching, twisting, and bending. Therefore, force both externally and internally applied, 
is a critically important aspect when studying cellular development and intracellular 
processes
75-77
. Cellular mechanical forces like tension and compression, are important as 
cells are living closely together and therefore constantly experience mechanical force 
from neighbouring cells and extracellular matrix that push and pull on them. Similarly, 
the organelles inside the cell, including the DNA, also experience force. Force allows 
the DNA to be mechanically folded in cells, and is involved in various biological 
processes such as DNA replication and DNA segregation, etc. Typical force applied on 
DNA ranges from a few pico Newtons (e.g., nucleosome condensation
78,79
) to tens of 
pico Newtons (e.g., forces produced by RNA or DNA polymerases
80
). All of these 
could be taken into account in a single-molecule manipulation approach. Similar to the 
introduction on single-molecule imaging approach, we will introduce here in part 1.3.3 
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some of the more commonly used force spectroscopy, in terms of their working 
principal and known applications. Later in part 1.3.4, the backgrounds on how magnetic 
tweezers work will be further explain in detail as that is the method we mainly used in 
the work recorded in this thesis. 
Among diverse techniques, the more popular and commonly used single-
molecule force spectroscopies are done by using magnetic tweezers, optical tweezers 
and atomic force microscope
81
. These three kinds of techniques have their own 
advantages and their intrinsic nature allows us to investigate the force response and 
elastic property of DNA and other biopolymer. In a magnetic tweezers, one end of the 
studied biomolecule are chemically modified and attached to a surface by chemical 
bond. The other end of the biomolecule is attached to a paramagnetic bead, which is 
place in a magnetic field produced by permanent magnets. This allows the paramagnetic 
bead to experience a magnetic force sufficiently large enough to provide a tension that 
is used to unfold and fold the biomolecule under various buffer conditions. Magnetic 
force experienced by the paramagnetic bead at a fixed position in the magnetic field is 
constant; however, the force can be tuned by moving the position of the magnets. The 
configuration of the pair of permanent magnet also plays important role in a magnetic 
tweezers setup; it allows a torque to be constraint or induced in the biomolecule being 
studied.  
An optical tweezers, originally called single-beam gradient force trap, functions 
in a slightly different way. In this technique, either one or both ends of the biomolecule 
are attached to large dielectric spheres, which are trapped in place by a laser beam 
tightly focused with a microscope objective lens of high numerical aperture. A 
commonly used laser source is an Nd:YAG laser which prevent opticution and 
minimise damage to the biomolecule. For a single-beam optical tweezers, one end of the 
biomolecule is tethered onto a surface while the other end attached to the dielectric bead; 
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for a dual-beam optical tweezers, both ends of the molecules are attached to dielectric 
beads. Optical tweezers can be calibrated to measure forces using the trapped dielectric 
spheres as force transducers while the length of the biomolecule can be directly 
measured by adjusting the positions of the focused laser beam. Its ability to apply and 
measure forces in the order of pico-Newton allows it to be used to study the intrinsic 
properties of DNA as well as kinetics of motor proteins like RNA polymerase.  
The other common single molecule manipulation approach uses atomic force 
microscopy (AFM) as a force probe. When used as force spectroscopy, the AFM 
cantilever tip must be very sharp with low stiffness and is usually chemically coated. 
When the tip is brought into proximity of the sample surface, interactive forces between 
the tip and sample lead to a deflection of the cantilever; direct measurement of these 
forces are taken as a function of the gap between the tip and sample. This type of AFM 
approach can be used for identification of individual surface molecules. E.g., it had been 
used in an attempt to distinguish cancer cells and normal cells based on a hardness of 
cells; it had also been used to evaluate an interaction between a specific cell and its 
neighbouring cells in a competitive culture system. In some protein studies, the protein 
is prepared such that one end of the peptide chain is chemically stuck on surface while 
the other end is picked up by the sharp AFM tip, thus enabling protein unfolding and 
refolding by the force exerted by the AFM cantilever. 
In any of the single molecule manipulation approach, particularly when DNA is 
under studied, the measurement obtained is the extension of the biomolecule under a 
fixed force. This allows us to study the intrinsic property of the single DNA molecule 






1.3.4 Magnetic tweezers 
Magnetic tweezers technology had been widely used as single-molecule force 
spectroscopy and this is the main technique we used in the works recorded in this thesis. 
A magnetic tweezers are usually built in a vertical setup, but we used a home-built 
transverse magnetic tweezers setup in our work here which enables a longer DNA 
molecule to be studied. A schematic diagram for both vertical and transverse magnetic 
tweezers setups are shown in figure 1g(i) and (ii) respectively. In this technology, force 
and torque are exerted on a paramagnetic bead when it is placed in an external magnetic 
field gradient and this bead was attached to the modified biomolecules under study (for 
example, DNA). The paramagnetic beads are usually chemically coated such that the 
modified DNA can be chemically attached to it and tethered to a functionalized glass 
surface/edge. As the name suggested, a vertical magnetic tweezers has the magnets 
placed on top of the functionalized coverslip surface where one end of the DNA is 
attached (figure 1g,i). This exerts a force on the paramagnetic bead attached to the other 
end of the DNA, hence allowing the DNA to be stretched in a vertical manner.  The 
magnets move in the vertical z-direction and the DNA extension, z, is recorded. 
Conversely in the transverse setup, the DNA is attached to the edge of the 
functionalized coverslip such that the pair of permanent magnet is placed in the same 
plane as the edge and paramagnetic bead (figure 1g,ii). The magnets move in the 
transverse x-direction and DNA extension, x, is recorded. Due to the weight of the 
paramagnetic bead, a short DNA is used in a vertical magnetic tweezers experiment 
while transverse magnetic tweezers setup can give a more accurate measurement when a 




Figure 1g. Schematic diagram of the single DNA stretching experiment by 
magnetic tweezers. (i) The schematic diagram represents a magnetic tweezers in a 
vertical setup. A pair of permanent magnets is placed on top of the functionalized 
coverslip surface where the DNA is tethered on. The other end of the DNA is attached to 
a paramagnetic bead which a reference bead is stuck on the coverslip surface for 
calibration purpose. Magnets are moved in the vertical z-direction and DNA extension z 
is measured. (ii) The schematic diagram illustrates a magnetic tweezers in a transverse 
setup. The DNA is tethered at one end to the edge of a functionalized coverslip and at 
the other end to a paramagnetic bead, placed in the magnetic field of a pair of 
permanent magnet. The magnets are placed in the same plane transverse to the 
coverslip edge and bead. Force is exerted on the bead to allow the DNA to be stretched 
in the x-direction and DNA extension, x, is recorded. 
 
The whole magnetic tweezers setup is place under bright field illumination using 
an inverted microscope, as illustrated in figure 1g. Microscope objective is positioned 
below the paramagnetic bead to capture its movement via a CCD camera. By using our 
homebrew labview program, we are able to track the position of the bead and determine 
the centroid of the bead, which allow us to measure the DNA extension x by subtracting 
the bead radius. 
The paramagnetic beads are magnetized when placed in an external magnetic 
field but non-magnetized outside the field. In a typical magnetic tweezers system, the 
magnetization of the paramagnetic bead is nearly saturated, resulting in a constant 
magnetic moment of    , which is along the direction of the magentic field    . The force 
applied to the bead is                     , which is proportional to m and the 
gradient of B (    the strength of    ), and its direction is along the gradient of B. The 
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external magnetic field are usually generated by a pair of permanent magnets, as 
illustrated in figure 1g. The saturated magnetic moment, m, depends on the size and 
material property of the bead. In addition, a bead typically has a principal axis that can 
be magnetized. As a result, the bead can be rotated by rotating the pair of magnets. 
Therefore, magnetic tweezers can not only apply a tensile force to DNA, but also rotate 
the DNA to change its linking number as well as apply a torque to the DNA.  
For a given magnets and bead, the force applied to the bead is solely determined 
by the distance of the paramagnetic bead from the magnet, which can be conveniently 
modulated by moving the position of the magnets. The magnetic tweezers require a 
force calibration step before it can be used to investigate the force response of the DNA 
at various environmental conditions. How the force calibration was done will be explain 
later in the next chapter.  
 
1.3.5 Force response of DNA 
Direct measurements of the elasticity of a single DNA molecule can be 
measured by measuring the extension, x, of the DNA along the force direction at 
different forces and then plotted as a force-extension curve, as shown in figure 1h below. 
The figure inset shows schematic diagram illustrating the single-DNA stretching 





Figure 1h: Force extension curve of naked DNA. Figure shows a force extension 
curve of a naked λ DNA (48, 502 bp) in a buffer of 50 mM KCl in pH 7.5 at 23 °C. 
Solid symbols shows data acquired during force decrease scan while open symbols 
shows data acquired during force increase scan. The overlapping of both curves 
indicates that DNA is at its equilibrium states. Red solid line indicates a fitting 
curve according to worm like chain (WLC) model with a persistence length of ≈ 50 
nm. Figure inset shows a schematic of the single-DNA stretching experiment where 
DNA is more randomly coiled at lower force and more extended at larger force. For 
each force, the end-to-end DNA extension, x, is being measured. 
   
A long DNA molecule is often described as a polymer. The worm-like chain 
(WLC) polymer model of DNA considers the conformational energy of DNA to be 
purely contributed by DNA bending. A tensile force applied to a DNA molecule results 
in an additional potential energy of –Fx. When the DNA is stretched in x-direction 
along the direction of force, the conformational energy of DNA, E, can be written as 
follows: 
 
   








            
 
   
 
where s is the arc length which runs from 0 to L (the contour length of the DNA),    is 
the unit tangent vector while  




 is the square of curvature. In this expression of 
bending energy, the only fitted parameter is A which has a dimension of length and 
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describes the bending stiffness of DNA; this parameter A is called the bending 
persistence length. The force-extension curve of a DNA can be theoretically calculated 

















The value of A can be determined by single-DNA stretching experiment by 
fitting the theoretically predicted force-extension curve based on the WLC model to 
experimentally measured force-extension data. From previous experimental studies, the 





1.3.6 Effects of DNA distorting proteins on force response of DNA 
Protein binding can change the DNA mechanical properties at the binding sites. 
Therefore, the force response of a DNA can be affected upon protein binding and 
changes in environmental conditions. Since protein-DNA binding mode is the 
mechanical basis for chromosomal organization into different conformations as well as 
gene regulation, it is important to investigate how the DNA mechanical force response 
changes upon binding by these proteins. The theoretical model on force extension curve 
of DNA bound with DNA-distorting proteins had been established by Yan et al. in 
2003
84
. Figure 1i below shows the theoretical force extension curves of a DNA before 
(shown in black) and after binding by DNA stiffening, DNA bending/softening and 
DNA intercalating proteins (shown in red, blue and green respectively), which increases 
(DNA stiffening) or decreases (DNA bending/ softening) the DNA bending persistence 
length, or increase the contour length (DNA intercalating). Besides these local 
deformation of DNA upon protein binding, figure 1i also shows a conceptual curve 
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(shown in magenta) with a rapidly vanishing DNA extension to represent global DNA 
condensation by protein at lower forces. 
 
Figure 1i. Force extension curves of DNA bind with DNA-distorting proteins. Black 
curve shows force extension curve of naked DNA with persistence length of ~50 nm. 
Coloured curves show force response of DNA after binding by DNA stiffening, DNA 
bending/softening and DNA intercalating proteins in red, blue and green respectively. 
Magenta curve shows a rapidly vanishing DNA extension to represent global DNA 
condensation by protein at lower forces. 
 
The binding of DNA-distorting proteins can be detected and studied from how 
their force-extension curves shift. The black curve in figure 1i shows the force extension 
curve of a DNA, simulated using a DNA persistence length of 50 nm. When a DNA-
stiffening protein binds onto DNA, the polymerization of the protein on part or the 
whole of the DNA will increase its rigidity. Its effect on the force extension curve can 
be detected at the low force regime (≈ 0.1 pN). As the nucleoprotein filament become 
stiffer, they could not coiled randomly even at low forces and take a more extended 
structure. This means that the end-to-end distance of the DNA at low force will be 
longer than that of a naked DNA, as shown in red in figure 1i. This results in an 
increased persistence length, A, of the DNA. 
When a DNA-bending protein binds onto DNA, it may severely distort the DNA 
and effectively force a permanent bend by forming an angle. When the binding strength 
of the protein is high (μ > 0), the protein binding not only form a kink on the DNA but 
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also does not unbind as the DNA is straightened. This will result in an appreciable 
reduction in the DNA’s end-to-end distance when it is fully stretched to its contour 
length which can be detected at high force regime of the force extension curve, as seen 
in the blue curve in figure 1i. Binding to a DNA-bending protein will shift the force 
extension curve of the DNA to the right of the naked DNA force extension curve and 
slightly distort the shape of the force-extension. This can be described by a decrease in 
effective persistence length, A, of the DNA molecule.  
Besides the different DNA local binding modes and organizations mentioned in 
section 1.2, there are some intercalating proteins which can also bind onto DNA. This 
type of protein inserts into the DNA backbone by unwinding the double helix structure 
at its local binding site. The DNA unwinding will cause the DNA end-to-end distance to 
be slightly longer when it is fully stretched to almost its contour length, which can be 
detected from the force extension curve at high force regime (≈ 10 pN), as shown in 
green in figure 1i. This is usually observed for small molecule such as YOYO-1. 
DNA-folding proteins which result in loop formation or aggregation will also 
lead to a decrease in the end-to-end distance of the DNA, but mainly being detected at 
the medium force regime (≈ 1 - 5 pN). However, it will not decrease the apparent total 
contour length of the DNA when fully stretched at high force (≈ 10 pN). This is 
represented by the magenta curve in figure 1i. When force is slightly reduced, different 
parts of DNA are brought closer together and the proteins start to condense the DNA, 
hence resulting in a dramatic decrease in the end-to-end distance of the DNA. The force 
at which DNA folding starts to occur varies in a large range because DNA folding is a 




1.4 Motivation and Objective of studies 
NAPs and stress-response proteins are essential for bacteria cell survival; they 
also play important roles in chromosomal packaging as well as genes regulation. For 
some known NAPs, they had been widely studied using the traditional biochemistry 
methods which give bulk measurements and investigating the overall effects of the 
protein at a larger scale. Some studies had been done by AFM on the nucleoprotein 
complexes which revealed how the global structural architecture of the nucleoid 
changes upon protein binding, giving insights on the biological function of the protein. 
Although it is known that they bind onto DNA by different modes and mediate different 
DNA conformations, there is still an utmost important missing link which enables us to 
understand the mechanism of how the proteins perform its function. This gives us 
motivation to study on the interaction mechanism between the proteins and DNA at a 
single-molecule level by using a combination of both magnetic tweezers and AFM, in 
the hope to shed some light on the implication on how the proteins carry out their 
biological functions.  
Besides the known NAPs, there are continuously new proteins being found, 
especially the small stress-response proteins which is difficult to detect at normal cell 
growth. Compared with other NAPs that are abundant under normal conditions, these 
stress-response proteins are much less studied and there is a huge gap of missing 
information, which is very important in order to study how cells survive under the lethal 
stressful conditions. In my phD years, I aim to study the DNA binding modes and 
organization by these stress-response proteins and NAPs, which hopefully provide me 
with more information on the biological function of these proteins and more importantly, 





Chapter 2 Experimental methods 
2.1 Single molecule manipulation by magnetic tweezers 
2.1.1 Instrument introduction 
Magnetic tweezers commercially available are constructed in a vertical setup, 
which allows only short DNA (or other biomolecules) to be studied. However here in 
my PhD work, I used a transverse magnetic tweezers setup which is customized and 
home-built previously in our lab. In this transverse magnetic tweezers setup, the pair of 
permanent magnets is placed in the same plane as the flow chamber and move in 
transverse directions to stretch the DNA at different forces. Illumination of light is from 
the top of the microscope and an objective is placed underneath the flow chamber to 
view the molecule of interest with its movements captured by a CCD camera, images 
are live feed into the computer for analysis. The schematic and actual setups are shown 
in figure 2a below. 
 
 
Figure 2a. Magnetic tweezers setup. (i) Schematic diagram showing our transverse 
magnetic tweezers setup where a flow chamber is placed on the microscope stage with 
top illumination and in magnetic field produced by the pair of permanent magnet. And 
objective is placed underneath the flow chamber to capture the movement of 
paramagnetic beads by a camera and live feed to the computer for analysis. (ii) Actual 




2.1.2 Coverslip functionalization and flow chamber preparation 
In our transverse magnetic tweezers setup, a fully enclosed flow chamber 
containing the DNA tethered to a functionalized coverslip (as shown in figure 2b below) 
is placed near the magnet and on top of the objective. One edge of the coverslip is 
polished extensively such that it is flat and therefore greatly reduces the shadow formed 
during imaging. Coverslip is then washed with acetone and cleaned by boiling in 
sulphuric acid and hydrogen peroxide to hydroxylate the glass surface. Following this, 
coverslip is incubated with APTES, followed by glutaraldehyde and finally treated with 
streptavidin (or neutravidin and traptavidin). This functionalized coverslip is then 
incubated by blocking buffer of 2% bovine serum albumin (BSA) in 10x PBS buffer 
and is ready to be constructed into a flow chamber for experiments. 
 
Figure 2b. Flow chamber for magnetic tweezers experiment. (i) Schematic diagram 
showing construct of a flow chamber, mainly made up of one functionalised coverslip 
sandwiched between two coverslip and enclosed to form a buffer channel. (ii) Top view 
of an actual channel showing the edge of the functionalised coverslip where one end of 
DNA tether is suppose to attached on. The other end of DNA tether is attached to a 
paramagnetic bead which can be seen in the figure. Note that the DNA tether could not 
be seen at this magnification and hence not captured by the camera. 
 
Figure 2b shows the schematic diagram of a flow chamber in panel (i) and the 
actual image of the topview of a flow chamber captured by the camera in panel (ii). As 
seen in the figure, the flow chamber is constructed by inserting one functionalized 
coverslip in between two pieces of no.1.5 glass slides with the functionalized edge well 
extended to allow us to distinguish the edge; this is later sandwiched by two pieces of 
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thicker glass to form a notch and enclosed by another coverslip. Capillary tubes are 
inserted to both ends to fully seal the flow chamber and to flow in and change buffer 
inside the flow chamber according to experimental requirements. One of the capillary 
tube can be attached to a syringe pump (NE-1000, New Era Pump Systems, 
Farmingdale, N.Y.) such that flow rate of the buffers can be controlled to minimized 
perturbation to the DNA measurements. The sample volume of our flow chamber is 200 
μl.  
 
2.1.3 Force calibration of magnetic tweezers 
As a diffraction shadow of the functionalized coverslip will be formed in a 
transverse magnetic tweezers setup, a longer DNA tether is usually used to reduce the 
error of determining the actual DNA extension. The DNA used is modified with biotin 
at both ends; one end will be tethered to the streptavidin functionalized edge of the 
coverslip while the other end to a streptavidin coated paramagnetic bead. Prior to the 
DNA stretching experiment, the magnetic tweezers has to be calibrated.  
Magnetic force is experienced by the paramagnetic bead when it is placed in the 
magnetic field exerted by the pair of permanent magnets. This magnetic field cannot be 
change but the force experienced by the paramagnetic bead can be modulated by 
adjusting the position of the magnet, hence changing the distance between the magnet 
and the flow chamber. The force calibration of the magnetic tweezers is based on a 
simple pendulum model. Firstly, a series of checks are done to make sure that the 
magnet is aligned symmetrically about the axis of the stretching. When magnetic force 
is applied on the bead, the DNA tether is stretched and the force applied at a particular 
magnet position can be calculated from the measurements of the bead’s Brownian 
motion. At the given force, the motion of a bead in  , a direction perpendicular to the 
direction of force, can be described as thermal motion of the bead which is like a 
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pendulum with a harmonic potential and spring constant of F/x, where x is the DNA 
extension. By applying the energy equipartition theorem, the force applied to a DNA 
can be calculated from the measured DNA extension x and the standard deviation of 
bead motion in the   direction,   
 , as: 
   
    
   
 
where kB is the Boltzmann constant, T is the temperature, x is the DNA extension and 
δy2 is the standard deviation of the bead’s fluctuation in the direction perpendicular to 
the force direction. 
 
2.2 Single molecule imaging by atomic force microscopy 
2.2.1 Instrument introduction 
Atomic force microscopy (AFM) is used in this thesis as an imaging approach. 
The AFM used is a commercially available machine from Agilent Technologies (5500 
AFM) and Bruker Corporation (Fastscan dimension). The sample is prepared by 
incubating nucleoprotein complex on modified mica surface. A figure showing the 
schematic diagram and an actual AFM setup is shown in figure 2c below. 
                    
Figure 2c. Schematic diagram and actual setup of AFM. (i) Figure shows 
schematic diagram of an AFM setup, mainly consist of a cantilever with tips at the end, 










reflected to a photodetector, which can sense the deflection of cantilever and live feed 
the information to a computer system for analysis. (ii) Actual setup of a fastscan AFM 
commercially available from Bruker, which we used for the AFM imaging in some of 
the work in this thesis. 
 
2.2.2 Modifying mica surface 
In my work, samples are deposited on a modified mica surface for AFM 
scanning. As both DNA and fresh mica surface are negatively charged, large amount of 
divalent magnesium ions are usually used to prevent sample repulsion and fix the DNA 
to the mica surface. However, this chemical bond might interfere with the interaction 
between the nucleoprotein complex and the mica. To solve this, we modified the fresh 
mica with 0.1% APTES and 1% glutaraldehyde, which will changes the charge property 
of the mica surface as illustrated in figure 2d below.  
Fixation of APTES onto mica surface is by covalent siloxane bond, resulting in 
a highly positive charged surface. This is good for imaging naked DNA, however the 
high positive charges will form electrostatic interaction with nucleoprotein complexes, 
depending on the solvent ionic strength, and hence interfere with the natural 
conformation of the nucleoprotein complexes. APTES modified mica surface can also 
repel positively charged proteins and cause the nucleoprotein complex to dissociate 
before attaching to the mica surface. To prevent this, we treat the APTES modified mica 
surface with glutaraldehyde to form stable adducts with the lysine residue and result in a 
neutrally charged surface. This will allow nucleoprotein complexes to bind onto the 
mica surface via covalent bond without disturbing its natural conformation. In addition, 
this immobilizes the nucleoprotein complexes on the surface and hence could not 
diffuse into the solution, reducing non-specific aggregation when imaging is done in 
liquid, thus improving image clarity. The preparation of glutaraldehyde modified mica 
















Figure 2d. Modified mica surface for AFM imaging. Schematic diagrams show the 
charge properties of mica surface before and after modification. Fresh mica is highly 
negatively charged and will only bind the negatively charged DNA with the help of 
large amount of positively charged magnesium ions (Mg
2+
); this might repel some 
positively charged proteins on a nucleoprotein complex before attaching to the surface. 
APTES treated mica will change the surface charges to positive, however this binds the 
DNA by electrostatic interaction and might change the natural conformation of the 
sample. Glutaraldehyde-treated mica surface will solve all these problems as it forms 
stable adducts with the lysine residue and result in a neutrally charged surface, thus 
allowing samples to bind onto mica surface via covalent bond. 
 
 
2.2.3 Image processing and analysis 
AFM imaging was done at different scan sizes of 1–4 µm per square length with 
spatial resolution of 512 × 512 or 1024 × 1024 points and low scan speed. Raw AFM 
imaging data was processed using Gwyddion software (http://gwyddion.net/) and image 
is saved as jpeg format.  
Data analysis like measuring DNA contour length and end-to-end distance are 
done later using homebrew software written with Matlab (MathWorks, Natrick, M.A.). 
Fresh mica APTES mica Glutaraldehyde mica 
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This is done based on method previously described by Rivetti et. al.
86
. Processed image 
is first filtered and converted to a binary image with a user-defined threshold value. 
Image is then digitized by skeletonising the binary image into single pixel width curved 
line; this naturally represents the DNA backbone, connecting through the center of the 
backbone. The digitized polymer will allow us to determine the contour length as well 
as end-to-end distance of the polymer. 
 
2.3 Biochemistry method by electrophoretic mobility shift assay (EMSA) 
2.3.1 EMSA overview 
Electrophoretic mobility shift assay (EMSA) is an affinity electrophoresis 
technique used to study nucleoprotein interaction, based on molecule sizes which are 
determined by different speed at which the molecules move through the agarose gel. 
Samples are prepared with pre-determined ratio of protein to DNA, added with loading 
dyes. We used Promega G571A 1kb Ladder and Fermentas High Range Ladder as 
reference. 
 
2.3.2 Agarose gel cast 
The agarose gel is casted with 0.7g of agarose powder in 100ml of 1x TBE 
buffer containing mixture of tris base, boric acid, EDTA and water. Mixture is boiled in 
microwave oven for 1 - 3 minutes to dissolve the agarose powder completely. A comb 
of different size depending on the volume of sample needed is inserted into the gel to 
create the well where samples will be deposited. Upon polymerization of agarose gel, it 




2.3.3 Gel staining and imaging 
The agarose gel experiment can be done with a pre-stain as well as post-stain. In 
a pre-stain, SYBR dye is added to the agarose solution during gel casting. In addition, 
the EMSA will be preferably perform in a dark environment or covered from light to 
prevent photobleaching and damage to the sample which will reduce the efficiency of 
the subsequent manipulation of the sample. For post-staining, the agarose gel will be 
soak in solution containing SYBR dye for half an hour after the electrophoresis run is 
finished. This step is also done in an enclosed opaque container to shelter from light to 
prevent photobleaching. For both pre-stain and post-stain, the stained gel is illuminated 
with an ultraviolet lamp and imaged is captured by camera to view the DNA bands with 





Chapter 3 Anaerobic stress-response NAP: Dan 
3.1 Introduction 
Although E. Coli is the most commonly studied prokaryotic bacteria in the 
biotechnology and microbiology research field, analysis of its complete genomic 
sequence still revealed more than 900 coding sequences whose function has yet been 
identified
53
. These include the non-functional pseudo-genes, genes that are not 
expressed under standard laboratory conditions and genes involved in unknown 
metabolic pathways. Therefore, functional characterization of unknown genes is 
currently a major task in biology, with a combination of various in silico, in vitro and in 
vivo approaches. E. Coli majorly inhabit in the human gastrointestinal tract. Throughout 
the years, it had evolved to be able to switch between aerobic and anaerobic respiration 
with ease, in order to survive in the human gut where oxygen is deprived. The cellular 
activities happening during the switch between aerobic and anaerobic environment 
result in changes in global transcription activity to enable the cell to maintain energy 
efficiency; this will alter the genomic expression and protein compositions in the 
bacteria cell. 
Dan protein is a renamed protein which is originally called YgiP, before its 
biological function had been discovered. Due to the position of ygiP genes on the E. 
Coli chromosome, it was suspected to be a positive regulator for the neighbouring ttdA-
ttdB-ygjE operon because previous studies had shown that the structural genes of most 
of LysR type regulators are neighbours of their target genes
53,87
. Regulators of LysR 
family are mainly involved in the control of virulence, stress responses and metabolism; 
more than half of the characterized LysR regulators had been identified to involve in 
catabolic or anabolic processes
87
. Indeed, YgiP was reported as a positively regulator 
for the ttdA-ttdB-ygjE operon encoding tartrate dehydrogenase activity
53
. Tartrate 
dehydrogenase is needed to convert tartrate to oxaloacetate, which is required for 
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anaerobic growth in presence of both glycerol and tartrate
88
. Using in silico analysis and 
a physiological approach, the function of YgiP is confirmed and showed that the 
regulatory activity of this protein is restricted to the adjacent ttdA-ttdB-ygjE operon. 
Therefore, YgiP is renamed as TtdR.  
Although the biological function of TtdR protein in term of gene regulation has 
been identified, most of the information regarding this protein is still unknown, 
including its exact protein structure. However, most of the LysR family regulators are 
identified by sequence comparisons and contain a characteristic helix-turn-helix DNA 
binding motif in the N-terminal part
87
. In addition, TtdR protein is found to share 
similarity with the OxyR transcription factor in terms of cysteines pair which might 
involved in redox sensing
89
; this motif is involved in metal chelating which suggest the 
role of TtdR protein in resistance of metal. Cysteines in many redox-sensing proteins 
usually exist under two different states: oxidized and reduced; and proteins can sense 
changes in the cellular redox environment by changes in the cysteines states. Since there 
was no induction of ttdA-lacZ transcriptional fusion in the presence of tartrate and 
oxygen, redox state of the cysteines in TtdR are suspected to change during a transition 
from anaerobic to aerobic conditions, leading to inactivation of the protein itself and 
therefore not be able to activate the transcription of the target operons. Nonetheless, 
there is no experimental evidence to prove this yet. 
TtdR protein had been further studied in a systematic manner by a newly 
developed Genomic SELEX (Systematic evolution of ligands by exponential 
enrichment system)
54,90
. In this system, a systematic search was performed for 
identification of the target genes under the control of TtdR. From the gel-shift and 
DNase-footprinting assays, TtdR was found to be a DNA-binding protein with affinity 
to AT-rich sequence
54
. Both the number of binding sites on the genome and the 





Quantitative immune-blotting study also showed that mutant E. Coli without the TtdR 
protein has retarded growth under anaerobic conditions
54
. It is discovered that the 
intracellular concentration of this protein is very low under aerobic conditions but is up-
regulated more than 100-fold under hypoxic or anaerobic condition. Therefore, TtdR 
(previously as YgiP) protein was proposed to be renamed again as Dan protein, which 
stands for DNA-binding protein under anaerobic conditions. Dan protein is believed to 
be a stress-response NAP involved in uncharacterized anaerobic activities and is 
essential for protection of the genomic DNA during anaerobic stress. Dan protein was 
identified to belong to the same family of growth phase specific NAPs such as Fis 
protein which is expressed in the exponential growth phase
92,93
 and Dps protein which is 
expressed in the stationary phase
39
; this group of proteins are shown to be stored on the 
nucleoid surface. All previous studies on Dan protein suggest that Dan protein plays 
dual functions with an architectural role for genome folding as well as global regulatory 
role in transcription of genes. Nonetheless, these warrant future studies to be fully 
understood. 
 
3.2 Motivation and objectives 
Dan is a novel protein that are recently discovered and found to be highly up-
regulated in oxygen deprived condition, therefore it is suspected to play an important 
role in helping the bacteria cell to survive in the lethal anoxia environment. Since little 
had been studied on this novel stress-response protein, this motivates us to find out the 
reason of the presence of this small protein in bacteria cell during the anaerobic 
condition. Similar to most other proteins whose biological function are usually related 
to its interaction mechanism with DNA, we aim to further reveal the Dan-DNA 
interaction mechanisms through our single molecule studies. We would like to study the 
local DNA binding mechanism of Dan protein and its resultant DNA organization 
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mainly by using a combination of single-DNA stretching experiments and AFM 
imaging. Hopefully, results from these single-molecule studies can shed light on the 
implication on how Dan protein carries out its biological function.  
 
3.3 Material and methods 
3.3.1 Over-expression and purification of Dan 
A plasmid which contains the Dan gene (expressing a C-terminus 6xHis-tagged 
protein) was constructed as previously described
54
. It was transformed into BL21 
(DE3) E. coli cells using a standard heat-shock method and grown in lysogeny broth 
(LB) media containing ampicillin at 37°C. Dan expression was induced by adding 
isopropyl β-D-1-thiogalactopyranoside (IPTG) and the cells were harvested and lysed; 
any remaining chromosomal DNA fragments were further digested by DNase (RQ1 
DNase, Promega, USA). The lysate was then centrifuged and the supernatant was 
collected, which was later filtered and washed with washing buffer (20 mM imidazole 
in a 50 mM phosphate, 500 mM NaCl buffer), followed by pre-elution buffer (100 mM 
imidazole) and finally eluted in elution buffer (250 mM imidazole) before dialyzed 
against storage buffer (10 mM Tris–HCl, 200 mM KCl, 5 mM MgCl2, pH 7.6 and 50% 
glycerol) to remove residual imidazole. Protein concentration was measured using 
Nanodrop ND1000 (Wilmington, USA) and mass spectroscopy was done to ensure that 
the desired protein was obtained. 
  
3.3.2 Electrophoresis mobility shift assay (EMSA) and DNase I digestion assay 
For the EMSA, we used 576 bp DNA (amplified from the 992–1152 region of λ-
DNA) as the DNA template. Typically, 40 ng of DNA was incubated at a pre-
determined DNA to Dan ratio for 10 min at room temperature before the agarose gel 
electrophoresis. DNase I digestion assay was performed by incubating 1 U DNase I 
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(Promega) with the Dan–DNA complexes for 10 min; the digestion is quenched by 
addition of ethylenediaminetetraacetic acid before agarose gel electrophoresis. 
 
3.3.3 Atomic force microscopy imaging  
In this study, the mica surface is chemically modified before incubating with 
DNA or Dan-DNA complex. A 0.5 cm × 0.5 cm piece of mica is freshly peeled and 
incubated with 0.1% APTES for 15 min. APTES is then washed off by placing the mica 
under running deionized water for 5 minutes. The treated mica is placed in oven to be 
heated at around 70 °C for half an hour and let cool to room temperature. Following this, 
1% glutaraldehyde is deposited onto the mica surface for 15 min, which is later washed 
off again under running deionized water for 5 minutes. The mica surface can now be 
used for sample incubation or stored in petri dish in a dehumidifier cabinet to be used 
within a week.  
In our AFM imaging experiments, there are two types of DNA used: linearized 
φX174 DNA (5386 bp) and 576 bp DNA amplified from the 992–1152 region of λ-
DNA. The DNA are incubated with Dan protein at a specific ratio for 20 minutes before 
depositing onto the treated mica surface and incubate for another 10 minutes. The mica 
surface is lightly washed with deionized water and dried under nitrogen gas, it is then 
placed in dehumidifier cabinet for half an hour to ensure complete dryness. Imaging was 
done using an AFM (5500 AFM, Agilent Technologies, Singapore) in Acoustic AC 
mode. Sample imaging was done at scan size of 1–4 µm per square length, resolution of 
512 × 512 or 1024 × 1024 points and scan speed of 1 line per second. AFM imaging 
data was processed using Gwyddion software (http://gwyddion.net/) before analysis 




3.3.4 Magnetic tweezers experiments 
Single DNA stretching experiment is performed in this work with a magnetic 
tweezers to investigate the force response of the DNA after Dan protein incubation. 
Magnetic tweezers used here is a home-built transverse setup, as previously described in 
section 2.1. In principal, flow chamber is fabricated using a chemically functionalized 
coverslip, also previously described in section 2.1. The longer edge of the flow chamber 
is the surface where DNA will be tethered to. DNA used in this experiment is λ-DNA 
which had been biotin-labelled on both ends (B-λ-B). A low concentration (~300 pg/µl) 
of these molecules was added to the flow chamber and incubated for 10 minutes. This is 
to allow only one end of the DNA to attach to the streptavidin-functionalized surface 
while the other biotinylated end of the DNA is free to be attached later to streptavidin-
coupled paramagnetic beads (Dynabeads M-280 Streptavidin, Invitrogen, Singapore), 
forming a DNA tether ready for the single-DNA stretching experiments. The loose 
beads in the buffer are washed away by flushing in large amount of working buffer.  
The flow chamber incubated with DNA and beads is then ready to be used for 
the single-DNA stretching experiment. First of all, a DNA tether is found under the 
microscope by searching for a freely fluctuating bead. The magnet is placed near the 
flow chamber edge to fully stretch the DNA under large force such that its extension is 
around its contour length; this allows us to find a DNA tether with the correct length. 
The end-to-end distance or extension of DNA is tracked and recorded using a camera-
based centroid tracking software written in LabVIEW program (National Instruments, 
U.S.A). Before starting the experiment, the DNA is ensured to be a single DNA by the 
method previously described in section 2.1; a single naked DNA will have a persistence 
length of ≈ 50 nm. Force is calibrated at each magnet position and extension of the 
naked DNA is recorded as control. Experiment is done by decreasing the force from 
around 10 pN to 0.1 pN in steps, and then increasing back to 10 pN. The DNA is hold at 
50 
 
each force for 30 seconds and the extension of DNA is recorded. This value is then 
plotted against the force in a force extension graph and analysis can be done by 
understanding the force response of the DNA before and after protein incubation. 
 
3.4 Results 
3.4.1 Dan proteins cooperatively bind to DNA and cause DNA stiffening 
 It is known that protein structure will determine its DNA binding modes and 
organizations; this protein-DNA interaction mechanism will determine its biological 
function and it is carried out. Therefore, in order to investigate how Dan protein carry 
out its biological function, we perform single-DNA stretching experiment to investigate 
the DNA binding properties of Dan in different environmental conditions. First of all, 
we investigate the effect of Dan on DNA by slowly increasing the protein 
concentrations from 0 – 600 nM in a buffer of physiological related condition. The 
result from this experiment is shown in figure 3a below. 
 
 
Figure 3a. Force response of Dan-DNA nucleoprotein filament. (i) Force extension 
graph shows force response of λ-DNA incubated with increasing concentration of Dan 
protein. Result from repeated independent experiments are shown in the same colour in 
the same graph. At concentration of 60 nM and above, Dan is able to bind onto DNA 
and mediate DNA stiffening. (ii) Data analysis from the single-DNA stretching 
experiment enable the determination of dissociation constant and Hill coefficient of Dan 
protein to DNA by semi-empirical calculations, showing that Dan binds to DNA in a 










 Figure 3a(i) shows the force extension curve of a λ-DNA in 50 mM KCl in pH 
7.5 at 23 °C before (black curve) and after (coloured curves) incubating with Dan 
protein. The force response of naked DNA acts as a control experiment for comparison 
later. The experimental data had been fitted with WLC model as previously described in 
section 1.3 and the fitting curve is also shown in the same colour. The two-parameter 
fitting allowed semi-empirical determination of DNA contour length and persistence 
length
82
. When the DNA is incubated with 5 nM Dan, it behaves like a naked DNA with 
a force response almost similar to that of the naked DNA (shown in red), indicating that 
either there is no protein binding to the DNA at this protein concentration or only a few 
proteins bind onto the DNA and its effect is not visible. However, as we increase the 
protein concentration to 60 nM, a large increase in DNA extension is observed at the 
low force regime of < 1pN (shown by solid green symbols). This indicates that Dan 
binds to DNA at this condition, resulting in an apparent increase in DNA rigidity. 
Several independent experiments are done to ensure reproducibility with one additional 
representative data plotted in the same graph, also in green but with open symbol; 
similar result is observed. Further increasing the Dan concentration to 300 and 600 nM 
slightly increased the initial DNA extension although the increase in DNA length at low 
force regime is not significant, indicating that the protein binding is saturated at 
concentrations above 60 nM Dan in this buffer condition.  
From the force extension curve obtained at saturated Dan concentration of 600 
nM, the WLC model fitting showed increased in DNA persistence length from 51 ± 1 
nm to 488 ± 290 nm. This > 8 fold increased in apparent DNA rigidity concludes that 
Dan is a DNA stiffening protein. Previous study obtained by bulk measurements 
revealed the dissociation constant Kd to be 10 – 100 nM although the binding 
cooperativity has not been reported
54
. Here in this work, our single-DNA stretching 
experiment examines the binding kinetics of Dan and calculate the Dan-DNA 
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occupancy fraction from the persistence length values obtained from WLC fitting. From 
the semi-empirical calculation stated in the inset of figure 3a(ii), the dissociation 
constant Kd and Hill coefficient n are calculated to be 13.20 ± 4.67 nM and 2.90 ± 1.59 
respectively. The value of Kd is consistent with the result from previous study
54
. To re-
confirm the value for Hill coefficient, we perform an experiment by using the 
conventional electrophoresis mobility shift assay (EMSA) where the result is shown in 
figure 3b below. 
 
Figure 3b. Electrophoresis mobility shift assay (EMSA) to investigate Dan-DNA 
binding. (i) EMSA performed with samples consisting DNA incubated with increasing 
concentration of Dan in 50 mM KCl, pH 7.5. Data analysis from this gel run enables 
the determination of occupancy fraction. (ii) Fitting of the occupancy fraction curves 
led to calculation of dissociation constant, Kd and Hill coefficient, n. Both values 
determined from this EMSA experiment are in the same range as that obtained from 
single-DNA stretching experiment in figure 3a, again concluding that Dan binds to 
DNA in a positive cooperative manner. 
 
Figure 3b(i) shows the gel image obtained from EMSA where samples contain 
DNA incubated with Dan at fixed concentrations of 0 – 600 nM in a buffer of 50 mM 
KCl in pH 7.5. The samples are pre-incubated for 15 minutes before loading into the gel 
for electrophoresis run. Result analysis from the EMSA enable us to calculate the 
occupancy fraction of the protein at each concentration from the equation shown in 
figure 3b(i), these values are plotted as a graph in figure 3b(ii). A fitting is done on this 
graph, giving us Kd and n values of 66.8 ± 6.4 nM and 2.8 ± 0.5 respectively. Again, the 
value of Kd is in the range of previously reported value
54
. As the Hill coefficient 
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determined from the single-DNA stretching experiment as well as the EMSA are both 
greater than 1, we conclude that Dan binds to DNA in a positive cooperative manner. 
 
3.4.2 Dan proteins form rigid periodic filaments along DNA 
To complement the results obtained from the single-DNA stretching experiment, 
we performed AFM imaging to further elucidate the DNA binding mode and 
organization by Dan. Unlike previous study on Dan-DNA by AFM imaging which 
prepared their sample in binding buffer and cross-link by glutaraldehyde treatment 
before depositing onto spermidine treated fresh mica surfaces
54
, we do not use 
glutaraldehyde when incubating the sample as this may cause non-specific aggregation 
of the DNA and DNA-protein complexes. In our AFM experiment, we chemically 
modify the mica to prevent electrostatic interaction between the mica surface and 
sample and incubate the sample containing DNA and Dan in working buffer without 
any fixation agent. Our method allows the nucleoprotein complex to be deposited on the 
mica surface in its natural conformation. AFM imaging are done under the same buffer 
condition used for single-DNA stretching experiments, DNA used here is φX174 DNA 




Figure 3c. AFM imaging of Dan-DNA nucleoprotein complex. (i) Control experiment 
showing AFM image of linearized φX174 DNA of 5,386 bp in the absence of Dan 
protein. DNA shows relaxed conformation in randomly coiled manner. (ii) AFM image 
showing Dan-DNA nucleoprotein complex incubated at a ratio of 1 Dan to 1 bp DNA, 
showing DNA in a more rigid and extended conformation with some condensations, 
pointed out by white arrows. (iii) Zoom-in AFM image of Dan-DNA nucleoprotein 
filament suggesting that Dan is evenly coated along the entire DNA length. 
(i) (ii) (iii) 
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Figure 3c(i) shows the AFM image of naked DNA which serves as control 
experiment for comparison purpose; the DNA are randomly coiled with uniform height 
and width. Upon incubation with protein at a ratio of 1 Dan to 1 base pair, DNA appears 
in a conformation different from the naked DNA. Panel ii shows AFM images of the 
Dan-DNA nucleoprotein complexes and panel iii shows a more zoom-in AFM image. 
We observed that upon incubation with Dan, the nucleoprotein filament appears to be 
more rigid and extended compare to the naked DNA, which is consistent to the 
conclusion from DNA stretching experiment which revealed Dan as a DNA-stiffening 
protein. In addition to these rigid nucleoprotein filaments, some partial DNA 
compactions are also observed, as pointed out by the white arrows. This Dan-mediated 
DNA compaction is probably due to unsaturated DNA-binding since Dan binds DNA in 
a positive cooperative manner. 
 
Figure 3d. AFM imaging and analysis of Dan-DNA nucleoprotein filament. (i) High 
resolution AFM image of Dan-DNA nucleoprotein filament in 50 mM KCl, pH 7.5, 
showing regular filamentous structure with periodicity along the contour of the filament. 
(ii) Zoom-in image of the part of DNA enclosed by white square in panel i. Semi-
automatic measurements reveals the feature spacing ‘p’ for the periodic structure. (iii) 
Histogram analysis showing the value of ‘p’ determined from panel ii. (iv) Proposed 
Dan-DNA nucleoprotein filament model suggesting Dan filament wrap around DNA in 




Figure 3d(i) shows a high resolution image of a Dan-DNA nucleoprotein 
filament scanned at a low scan speed and a zoom-in image for the part of DNA enclosed 
in the white square is shown in panel ii. We can see a regular periodic filamentous 
structure along the contour of the Dan-DNA nucleoprotein filament, likely formed by 
Dan protein polymerizing along the DNA. Upon analyzing the image, a semi-automatic 
measurement reveals that the featured spacing ‘p’ of the periodic structure is around 
53.23 ± 11.27 nm, as shown in the histogram in figure 3d(iii). It is also observed that 
there is a small reduction in contour length of the nucleoprotein filament, compared to 
that of a naked DNA. From these results, we suggested a possible model for the Dan-
DNA nucleoprotein filament, composed of a Dan filament wrapping around the DNA in 
a helical fashion, as seen in the schematic drawing in figure 3d(iv).  
 
3.4.3 Dan filament restricts DNA accessibility 
Dan is a protein highly up-regulated upon anaerobic stress. From the single-
DNA stretching experiment and AFM imaging in the previous two parts, we understand 
that Dan polymerizes along DNA in a positive cooperative manner and form a periodic 
filamentous structure. Following this, we would like to investigate how this formation 
of protein filament on DNA helps the DNA as a stress response in that buffer condition. 
We hypothesize that the protein filament might form a continuous physical barrier to 
restrict DNA accessibility, hence we perform DNase 1 assay to test this hypothesis. 




Figure 3e. DNase I DNA protection assay in the presence of Dan protein. Figure 
shows DNase I DNA assay done with pre-incubated samples containing DNA and Dan 
at varying Dan to bp ratios to determine the protection ability of Dan at each 
concentration. At low Dan:bp, complete DNA digestion by DNase I is showed. At 
Dan:bp higher than 1:5, the assay showed signs of DNase I protection, which is 
probably due to Dan-DNA nucleoprotein filament formation restricting the accessibility 
of DNase I to the DNA. 
 
In this DNase 1 assay, we used linear 576 bp DNA incubated with Dan at 
various ratios, followed by digestion of DNase I in 50 mM KCl and pH 7.5. From the 
gel image, we observed that in the absence of Dan, DNA is digested by DNase I. In 
contrast, at Dan to base pairs ratio of more than 1:2, DNA is not degraded in the 
presence of DNase I after the same time scale, indicating DNA protection by Dan. This 
is probably because DNA coating by Dan is nearly saturated at the 1:2 Dan to base pair 
ratio and Dan filament had been formed. Our data here suggest that complete coating of 
DNA by Dan can protect DNA by physically restricting access to the DNA.  
 
3.4.4 Magnesium causes higher-order DNA compaction mediated by inter-filament 
interactions of Dan 
Besides KCl, other ions like magnesium ions are also present in the bacteria cell 
at a 2 – 4 mM concentration94 and it is essential for the bacteria growth and for many 
enzymatic reactions. Therefore, we would like to investigate how magnesium ions 
affect the DNA-binding properties of Dan at different MgCl2 concentrations. This is 
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done by single-DNA stretching experiment with the DNA incubated in buffer 
containing 300 nM Dan in 50 mM KCl, pH 7.5 at 23 °C and various MgCl2 
concentrations. The force extension graphs obtained from this experiment is shown in 
figure 3f below. 
 
Figure 3f. Magnesium ions cause Dan mediated DNA condensation. Figure shows 
force-extension graph from single-DNA stretching experiment, the result indicates that 
the Dan nucleoprotein filament is relatively stable up to 10 mM MgCl2. At 10 mM 
MgCl2, hysteresis between the two curves obtained from force-decrease scan and force-
increase scan suggests DNA folding which may be mediated by inter-filament 
interactions of Dan. 
 
Similar to single-DNA stretching experiment done in part 3.4.1, we started this 
experiment with a naked DNA control, data shown in black. The force response of the 
DNA before and after protein incubation are investigated by doing a forward scan 
where the force is decreased in step from 10 pN to 0.1 pN, then followed by a reverse 
scan where the force is increased back to 10 pN. We only plot the curve from force-
decrease scan in the force extension graph if both force-decrease and force-increase 
curves overlap each other, indicating that DNA is at its equilibrium condition. The DNA 
is first incubated with 300 nM Dan in 50 mM KCl in the absence of magnesium. 
Consistent with result obtained in figure 3a, we observed an increased in DNA 
extension at low force regime, indicating DNA stiffening. After the Dan nucleoprotein 
filament is formed, we change the buffer in the absence of free proteins and observe the 
changes of the pre-formed nucleoprotein filament. It is observed that a magnesium 
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concentration of >5 mM is able to fold the DNA, indicated by the hysteresis between 
the force-decrease and force-increase extension curves. It is also observed that despite 
DNA folding, DNA stiffening is also observed, suggesting that Dan nucleoprotein 
filaments can interact with each other in the presence of MgCl2 at > 5 mM concentration. 
To further strengthen our conclusion, we perform AFM imaging of the Dan-DNA 
nucleoprotein complex in presence of MgCl2. AFM images are shown in figure 3g 
below. 
 
Figure 3g. Magnesium causes higher-order DNA compaction. (i-iii) Figure shows 
AFM images of Dan-DNA nucleoprotein complexes incubated at 1 Dan to 1 bp ratio in 
the presence of 1 mM MgCl2. White arrows in the images show rigid extended DNA 
filament due to coating of Dan on DNA. Yellow arrows show DNA condensation which 
is probably due to inter-filament interactions of Dan. (iv) AFM image showing 
occasional large-scale DNA aggregation observed in the presence of 1 mM MgCl2.  
 
Figure 3g shows AFM images of Dan-DNA nucleoprotein complex incubated at 
a ratio of 1 Dan to 1 base pair in the presence of 1 mM MgCl2. From the AFM images, 
it is observed that Dan is able to form rigid periodic filament (pointed out by white 
arrows) and at the same time also able to fold and condense DNA (pointed out by 
yellow arrows). This is consistent to our conclusion from the single-DNA stretching 
experiment indicating that Dan-DNA filament is able to interact with each other in the 
presence of MgCl2 (fig. 3f). However, the single-DNA stretching experiment does not 
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show DNA folding at 1 mM MgCl2 which is likely because of the force applied on 
DNA which increased the folding energy barrier. 
 
3.4.5 End-joining of Dan nucleoprotein filaments to DNA concatemers and circular 
DNA 
 In addition to the rigid extended conformation and DNA compaction as well as 
aggregations mediated by Dan protein, it is also observed that Dan nucleoprotein 
filaments can form rigid linear concatemers and circles in the absence of any ligase. 
AFM images showing this result and their analysis in a histogram form are shown in 





Figure 3h. DNA concatemers and circular DNA obtained from end-joining of Dan 
nucleoprotein filaments. (i) Control experiment showing AFM image of linearized 576 
bp DNA. (ii-v) AFM images of Dan-DNA nucleoprotein complexes incubated at 1 Dan 
to 1 bp ratio showing multiple DNA confirmations where Dan mediates formation of 
linear DNA concatemers. (vi) AFM image showing occasional monomeric DNA in 
circular conformation due to looping back and joining of both ends. (vii) Histogram of 
DNA contour length determined from AFM analysis showing that Dan causes the 
formation of linear DNA concatemers which is likely caused by ends joining. 
 
 Figure 3h shows the AFM images and analysis done by incubating linearized 
576 bp DNA with Dan at 1 Dan to 1 bp ratio, showing various lengths of Dan 
nucleoprotein filaments as well as occasional circular DNA. The naked 576 bp DNA 
has a contour length of ≈ 200 nm, as seen in the control experiment figure 3h(i). 
However, after Dan protein incubation, it is observed that most of the Dan-DNA 
nucleoprotein filaments are much longer than the actual length of the single 576 bp 
DNA. AFM images in figure 3h(ii-v) shows Dan-DNA nucleoprotein filaments in 
monomeric, dimeric and higher oligomeric forms respectively, which suggest that the 
nucleoprotein filaments are able to form concatemers. Occasionally, circularized 
nucleoprotein filaments are also observed, as shown in figure 3h(vi). The length of 773 
independent linear nucleoprotein filament concatemers are analyzed quantitatively and 
the analysis result is shown in histogram plotted in figure 3h(vii). It is observed that the 
lengths of these concatemers are quantized at approximately 200 nm, which suggests 
that Dan-DNA nucleoprotein filaments form linear concatemers due to end-to-end 
joining. Analysis on the circular concatemers is not performed due to low probability of 
their existence.  
 
3.5 Discussion and conclusions 
3.5.1 Implication on roles of Dan during anaerobiosis 
It is previously known that Dan protein is up-regulated to a copy number of 
approximately 7000-9000 upon anaerobic stress
54
, which translate to an in vivo Dan 
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concentration in the order of μM. In our work here, formation of Dan-DNA 
nucleoprotein filament also occurs in this concentration range, thus suggesting the 
filament relevancy in vivo during anaerobiosis. Although the deletion of dan was 
previously shown to slow down E. Coli’s growth during anaerobic conditions which 
indicated the importance of Dan for proper anaerobic function
53,54
, the exact roles of 
Dan during anaerobiosis are still unclear and warrant future studies.  
 
3.5.2 Implication on bacteria’s gene regulation function 
In our work here, we had shown that Dan is able to mediate the formation of a 
rigid nucleoprotein filament as well as DNA compaction in the presence of > 1 mM 
MgCl2. Since previous study on other NAPs such as H-NS and HU had also reported on 
their ability to form nucleoprotein filaments at certain buffer conditions
31,33,57,63
, we 
hypothesize that Dan has certain level of homology in DNA-binding properties with 
these NAPs, especially the H-NS protein. Similar to our case of Dan protein, H-NS 
binds to DNA by cooperative polymerization which is believed to be related to their 
capability to form higher-order oligomerization states. Therefore, this suggests that the 
protein-protein interactions of Dan protein may also contribute to the cooperative 
binding of Dan along DNA. It is also known from previous studies that H-NS 
nucleoprotein filament is the main DNA-binding mode crucial for its gene-silencing and 
antagonizing functions
31,33,57
, therefore we suggest that the rigid nucleoprotein filament 
formed by Dan coating on DNA might also plays a role in some gene silencing 
mechanism. In addition to this, we had found the ability of Dan to form concatemers 
through its end-to-end interactions. This scenario may happen due to the same protein-
protein interactions of Dan protein which contribute to its oligomerization states 
mentioned in the previous paragraph. However, the exact mechanism behind the 
concatemer formation is not clear and would require further study.  
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Up-regulation of Dan during anaerobic growth is expected to alter the overall 
nucleoid structure of bacteria as it enters the oxygen-deprived state. When Dan is 
available, it may bind to the naked DNA region or replace pre-existing bound protein, 
hence changing a different nucleoid conformation leading to different gene regulation 
mechanism. Previous genomic SELEX screening identified a total of 688 Dan-binding 
sites along the E. Coli genome
54
, this imply that Dan targets regulation sites in addition 
to the ttd operon. In the same work, a high-affinity consensus DNA sequence was also 
found for Dan upstream of its regulated genes. Although Dan positively regulates the 
ttdA-ttdB-ygjE operon and also its own expression
53
, the impact of Dan on the global 
gene expression of E. Coli under anaerobic conditions has not been investigated. This 
warrants additional studies on Dan gene regulation at a global level during anaerobic 
growth.  
 
3.5.3 Implication on DNA packaging and protection by Dan 
Other than gene regulatory function, Dan may also contribute to chromosomal 
DNA packaging and protection; this is predicted from our results which showed that 
Dan causes higher-order DNA compaction via protein filament interaction in the 
physiological concentration range of magnesium ions as well as the result from our 
experiment by DNase I DNA protection assay. This is similar to other stress-response 
NAP like the Dps protein which is up-regulated upon starvation and involved in 
chromosomal DNA compaction as well as protecting DNA from damage during the 
stressful condition
43
. Therefore, we hypothesize that Dan is able to protect DNA from 





In our work, we had shown that Dan is able to polymerize along DNA in a 
positive cooperative manner in 50 mM KCl, pH 7.5. This is complemented by our AFM 
imaging data which revealed extended rigid Dan-DNA nucleoprotein filament with 
periodic structure; however, occasional DNA condensation is also observed which is 
probably due to unsaturated binding and protein-protein interaction. Our DNase I DNA 
protection assay revealed that the coating of Dan on DNA can protect the DNA from 
DNase digestion. In the presence of magnesium ions, higher-order DNA compaction 
can be mediated by inter-filament interactions of Dan and occasional large DNA 
aggregations are also observed. In addition to Dan-mediated DNA stiffening and 
condensations, Dan-DNA nucleoprotein filaments can also form DNA concatermers and 
circular DNA by end-joining, although probability of the circular DNA appearance is 
very low. Due to the homology in DNA binding ability between Dan and H-NS, it is 
suggested that Dan, like H-NS, is able to package and protect DNA in an oxidative-
stressed environment; it also plays a role in gene silencing and antagonizing in 
anaerobiosis. However, as our work is done in the presence of oxygen, it only provides 
a potential mechanistic platform in understanding Dan roles as a NAP during E. Coli 
anaerobic growth conditions. The actual and exact role of Dan in global gene silencing 





Chapter 4 Starvation induced NAP: Dps 
4.1 Introduction 
Besides oxidative stress as explained in the previous section, other stressful 
conditions frequently faced by bacteria are changes in pH, temperature and osmolarity, 
as well as nutritional deprivation. Similar to the case where Dan protein is up-regulated 
more than 100-folds under anaerobic stress, we will introduce in this section a 
previously known NAP which is up-regulated under nutritional stress: DNA-
binding proteins from starved cells (Dps).  
As we know, bacteria growth undergoes several different phases; bacteria 
replicates rapidly during exponential growth when there are plenty of nutrients and 
enters stationary growth phase when the nutrients are depleted. Growing cells have the 
capacity to respond rapidly to changing environments by differentially expressing 
several sets of genes. When the bacteria find themselves in nutritionally limiting 
conditions, it must be still able to protect itself from environmental damage to ensure its 
survival. Extensive studies with various microorganisms have revealed changes in gene-
expression during transition from exponential phase to stationary phase which result in 
morphological and physiological changes
95-102
. From previous study on gene expression 
in cells that have remained starved for several days, Almiron et. al. discovered a protein 
induced upon cessation of growth and continues to be expressed even after several days 
of starvation
39
. They named this protein the DNA-binding proteins from starved cells 
(Dps). The expression of Dps protein depends on σs, a transcription factor that also 
controls the expression of many starvation-induced genes
103,104
. Since its discovery, 
many attention and interest had been shown in investigating Dps proteins and intensive 




Protein crystallisation reveals Dps protein monomer subunit as a protein bundle 
packed by hydrophobic interactions
73
, this made the Dps monomers a structural 
analogue of ferritin monomer
105
. However, instead of a fourfold interaction as in ferritin, 
Dps monomer lacks the small C-terminal α-helix and therefore results in a smaller, 
lower symmetry
73
. The protein unit itself is formed by twelve such subunits into a 
unique dodecameric protein structure: a hollow shell with an extended lysine-rich N-
terminal. Although the crystal structure reveals no obvious DNA binding sites in the 
Dps dodecamer, the structure suggests a novel mode of DNA binding in which nine 
lysine side chains from three neighbouring hexagonally packed Dps dodecamers interact 
with the negatively charged DNA backbone
73
 while other study proposed that the 




. However, it is 
also possible that the DNA-binding species is not the dodecamer but other oligomer; 
cyanobacterial Dps homolog (DpsA) was found to binds DNA as a hexamer
106
. The 
crystal structure of Dps protein also reveals its biological function based on the 
sequestration of Fe ions
39
.   
DNA binding ability of Dps protein was discovered from simple binding assay 
where purified Dps was added separately to supercoiled plasmid DNA and linear DNA, 
which revealed several critical binding properties
39
. One important discovery was the 
intense stability of the Dps-DNA complex. It was shown that the dodecameric protein 
structure becomes unstable at an increased temperature of 65 °C; but pre-formed Dps-
DNA complexes are remarkably stable against acute heat shock to 100 °C and 
prolonged heating at 65 °C. Experiment from a DNAse digestion assay revealed that 
Dps has similar binding characteristic as other histone-like protein
39,107
, thus indicating 
that Dps protein are able to bind onto DNA without apparent sequence specificity. In 
addition to Dps’s ability to bind onto DNA forming bead on thread structure when 





, which upon the addition of DNA mediate aggregations and 
form large Dps-DNA complexes
40
. Previous studies by AFM imaging revealed the Dps-
DNA complexes as coral-like structures where naked DNA loop are seen outside the 
protein core
40
. Dps self-aggregations results in a crystal lattice whereby three adjacent 
dodecamers create holes lined by lysine-rich N-termini; DNA is assumed to be threaded 
through these holes
73
. This is consistent with previous fluorescent microscopy studies 
which also suggest that DNA thread through the Dps crystalline structure
108
. Dps was 
shown to be able to bind onto DNA in a low salt and low pH environment. As pH 
increases, protruding lysine residues are deprotonated and large Dps-DNA aggregations 
is no longer possible
40
. However, simple DNA binding is still able to take place. 
Meanwhile at a higher salt concentration, electrostatic screening between protruding 
lysine residues and DNA also weaken the protein-DNA binding. The DNA-binding 
ability of Dps proteins provides an important basis for structural role of the protein, 
which may be highly important in participating in different gene regulation mechanism. 
Although it has been suggested, little evidence has demonstrates the regulatory 
role of Dps in E. Coli during nutritional or oxidative stress. However, this is not 
completely unwarranted despite the lack of evidence in both the direct and indirect roles 
of Dps.  Previous study revealed that Dps shares several properties of histone-like 
proteins, such as HU and H-NS
39,107,109
. Besides the high stability sequence independent 
DNA binding, histone-like proteins can also act both as positive and negative effectors 
in different systems
110
. Similar to Dps, the concentration of the H-NS increase slightly 
during stationary phase and both has highly similar pleiotropic phenotype, with regard 
to gene expression 
111,112
. Since Dps is considered histone-like protein for its many 
similarities with the eukaryotic histone, it is suggested that Dps has also similar gene 
regulatory function as the eukaryotic histone by undergoing reversible covalent 





. Dps may also regulate gene expression by interacting directly or 
indirectly with transcription factors or even work by recruiting transcription factors to 
the promoter of genes targeted for regulation
113
. Nonetheless, the actual gene regulatory 
role and mechanism of Dps protein is still speculative and uncharacterized. 
Besides the structural and gene regulatory roles, Dps is expected to also provide 
chemical protection against damaging agents. Sequestration of Fe
2+
 ions by the 
ferroxidase center of Dps prevents hydroxyl radical production
114
. The oxidized iron 
stored in the cavity is then released upon reduction. Beside able to accommodate over 
400 iron oxides, the cavity can also hold oxides of other metals, thus modifying the 
ferromagnetic properties of mineralized core.  
 
4.2 Motivation and objective 
Dps is an important stress-response protein up-regulated upon starvation as 
bacteria enters early stationary growth phase. Dps is expected to protect the bacteria 
nucleoid and involves in gene regulations which reduce the cell metabolism in the lethal 
conditions of nutrients deprivation. When fresh nutrients are available later, hopefully 
the gene regulation of the bacteria cell can be reset and bacteria can therefore continue 
to growth and replicates. This made the Dps protein an important NAP which requires 
more intensive study. 
Previous studies done on Dps proteins are mostly biochemical methods like 
crystallization and electrophoresis assay which provide bulk measurements which only 
give a general knowledge of the Dps-DNA binding and localization. There are also 
some AFM imagings done which revealed the structure of Dps-DNA complex at 
different environmental conditions. These can give an idea of the overall DNA 
organization mediated by Dps protein, however it could not provide the detail on the 
local effect of protein binding on DNA, which is the main motivation of our study. In 
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this work, I would like to study the local binding modes of Dps which eventually affect 
the DNA organization, with the hope of shedding light in understanding the mechanism 
of how Dps perform its biological function. Therefore, the objective of the work is to 
perform single-molecule manipulation experiments to investigate on the force-response 
of DNA upon Dps binding in different environmental conditions. 
 
4.3 Material and methods 
4.3.1 Over-expression and purification of Dps  
The E. Coli Dps gene sequence is derived from NCBI GenBank (Accession 
number: CAA49169) and synthesized (1st Base, Singapore). The synthesized gene was 
cloned into pET vector using NdeI and XhoI (New England Biolabs) for expression and 
purification. The pET expression vector was chosen such that the DPS protein was 
expressed with a cleavable N-terminal 6X-HIS-tag. The expression and purification 
protocols are the same as previously described [20]. The purified HIS-tagged DPS 
protein was then cleaved with thrombin to yield the native DPS protein and dialyzed 
against 10 mM tris, pH 7.4, 500 mM KCl before storing in final 30% glycerol condition 
at -20 °C. The gene synthesis derived Dps protein was finally verified with mass 
spectroscopy. 
 
4.3.2 Magnetic tweezers experiments 
To investigate the force-response of a DNA bound by Dps under different 
environment conditions, we perform single-DNA stretching experiment by using a 
transverse magnetic tweezers. The setup for magnetic tweezers and flow chamber 
preparation had been previously described in section 2.1 and is similar to the one used 
in the previous chapter. Briefly recap on the technique, a flow chamber is firstly build 
by using a functionalized coverslip sandwiched between two normal coverslips, sealed 
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with silicon glue and enclosed with glass tubes at both ends for buffer exchange. The 
flow chamber allows storage of buffer with a volume of around 200 μl, which can be 
exchange according to the buffer conditions needed for experiment.  
 Upon complete fabrication of the flow chamber, it must be ensured to be 
completely sealed to prevent leakage of buffer which will introduce a flow in the 
chamber, leading to incorrect measurement of DNA extension. The flow chamber is 
then incubated with blocking buffer containing BSA to maintain efficiency of DNA 
tether to be used for experiment. Following this, the DNA to be used is flowed into the 
flow chamber and incubated for 10 minutes. This time is optimized as a shorter timing 
will reduced the number of DNA to be tethered to the functionalized coverslip edge 
while a longer timing might allow the other end of DNA to also tethered to the edge, 
forming a DNA loop. The DNA used in this experiment is λ-DNA of 48,502 base pairs 
which was biotin-labelled at both ends. After one end of the biotinylated DNA was 
allowed to be tethered to a streptavidin functionalized surface, we flow in streptavidin-
coated magnetic bead (Dynabeads® M-280 Streptavidin, Invitrogen) and incubate for 
another 20 minutes; this will allow the bead to be attached to the other free end of the 
biotinylated DNA. The loose beads in the buffer are washed away with the working 
buffer required for experiment and the flow chamber is ready to be used.  
A DNA tether is found by finding a paramagnetic bead in the flow chamber 
under the microscope; it is ensured to have the correct length and is a single DNA tether. 
Force is then calibrated at each magnet position before starting the experiment. 
Extension of the DNA is measured in a force-decrease scan followed by a force-
increase scan, with a set of forces ranges from 10 pN to 0.1 pN. DNA is allowed to be 
hold at each force for about 30 seconds and Rreal time extension measurements of the 
DNA molecule were recorded using a camera-based centroid tracking software written 
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in LabVIEW program (National Instruments, U.S.A). Data are later plotted into a force 
extension graphs and analyse accordingly. 
 
4.3.3 Atomic force microscopy imaging  
In this study, 0.5 x 0.5 cm mica is freshly peeled and its surface is chemically 
treated as described in section 2. DNA of 1,062 base pairs in length is used for the 
sample preparation; they are incubated with Dps protein at a specific ratio in working 
buffer for 20 minutes before depositing onto the treated mica surface and incubate for 
another 10 minutes. Imaging was done using a fast-scan AFM (Bruker Corporation, 
Singapore) in fastscan tapping mode. AFM imaging data was processed using 
Gwyddion software (http://gwyddion.net/) before analysis using homebrew software. 
 
4.4 Results 
4.4.1 Saturation concentration of DNA-binding by Dps in physiological conditions 
 Previous studies on Dps proteins are mainly done by biochemical studies as well 
as AFM imagings. In our work, we aim to understand the effect of local DNA binding 
of Dps protein by studying the force response of DNA using a magnetic tweezers. First 
of all, we investigate the Dps-DNA binding in physiological condition of 50 mM KCl at 
pH 7.5 and 23 °C with increasing concentrations of Dps proteins. Force extension graph 






Figure 4a. Dps mediates DNA folding in physiological relevant condition. Black curve 
show force extension curve of DNA before incubation of Dps. Both curves from force-
decrease (solid symbols) and force-increase scan (open symbols) overlap each other, 
indicating DNA in equilibrium conditions. Force extension curves of DNA after 
incubation with 50, 500 and 5000 nM Dps are shown in red, blue and orange 
respectively, all showing decrease in DNA extension at low force regime. Therefore, 
Dps is able to bind to DNA and mediate DNA folding. Coloured lines in the graph is 
merely connecting lines between each data, they do not serve as fitting curves. 
 
Firstly, a single DNA tether is found and calibrated against a set of force in 50 
mM KCl at pH 7.5 and 23 °C; extension of the DNA is measured for a force-decrease 
scan followed by a force-increase scan where the force ranges from 10 pN to 0.1 pN. 
Force extension curve of the naked DNA is plotted in black in figure 4a as a control 
experiment for comparison. In the figure, the solid symbol shows data from the force 
decrease scan while the open symbols shows data from force increase scan. The lines 
are merely connecting lines between each data for better presentation purpose; they do 
not serve as any model fitting curve. It is shown that the force extension curve of DNA 
before protein incubation for force-decrease scan overlaps with the curve from force-
increase scan, indicating that the DNA is at an equilibrium condition.  
Upon introducing 50 nM Dps into the flow chamber, it is observed that the DNA 
behaves differently compare to that in the absence of Dps protein, as shown in red in 
figure 4a. It is shown that DNA behaves like a naked DNA at the high force regime 
during force decrease, but there is a decrease in DNA extension at low force regime (≈ 
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0.1 – 0.4 pN) compare to that of the naked DNA. Upon increasing the force, the force-
extension curve no longer overlap with that from force-decrease scan but shifted to the 
right. The difference between the two force extension curves is referred to as hysteresis, 
and this indicates that the DNA had not reached its equilibrium condition. The decrease 
in DNA extension at low force regime during force decrease and the presence of 
hysteresis between forward and reverse curves indicates that the Dps protein had 
mediated a DNA folding at that buffer condition. Multiple independent experiments are 
performed at this condition to show the reproducibility of the data, however, only three 
representative data are shown in the same colour but with different types of connecting 
lines.  
As we increase the Dps protein concentration to 500 nM, DNA starts to fold at 
an even larger folding force, as shown in blue in figure 4a, indicating a stronger Dps-
mediated DNA folding. This may be due to more protein available to readily bind to the 
DNA, hence allowing interaction to happen. Extension of DNA starts to decrease 
dramatically from a force of around 0.5 pN and a large hysteresis is observed between 
the force extension curves of force-decrease and force-increase scans. The force acting 
on the DNA was not allowed to decrease further in this case to prevent the DNA 
extension decreasing to a length too short to be measured and to prevent the 
paramagnetic bead from touching the coverslip edge; force is increase as soon as the 
DNA extension drops to around 2000 nm. Therefore, the hysteresis between the two 
force extension curves cannot be quantify as the strength of DNA folding as it is partly 
depends on the force allowed to act on the DNA. As we further increase the Dps 
concentration to 5000 nM, DNA starts to fold at the same folding force and rate of 
folding observed is similar to that in the presence of 500 nM Dps. Force extension curve 
of the DNA incubated with 5000 nM is shown in orange in figure 4a. It is observed that 
further increasing the protein concentration beyond 500 nM do not result in a different 
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force response of the DNA, therefore Dps-DNA binding is said to had saturated at 500 
nM at the buffer condition of 50 mM KCl at pH 7.5 and 23 °C. Therefore, we are using 
500 nM Dps concentration for the future experiments in this work to study the effect of 
changes in environmental conditions to the Dps-DNA nucleoprotein complex. 
 
4.4.2 Force response and dynamics of Dps-mediated DNA condensation in absence of 
magnesium 
In this section, we will mainly be looking at the dynamic of Dps-mediated DNA 
condensation in terms of folding and unfolding in buffer containing low KCl 
concentration, as shown in figure 4b-c. We will also be looking at the Dps-DNA 
binding at increased KCl concentration, as shown in figure 4d. In all of our experiments, 
500 nM Dps concentration will be used to investigate the Dps-DNA binding.  
 
Figure 4b. Dynamic of Dps-mediated DNA folding in 50 mM KCl. The time trace 
graph is plotted against the extension of the DNA after incubation of 500 nM Dps in 50 
mM KCl, pH 7.5, first for a force-decrease scan followed by a force-increase scan. 
Extension of DNA at each force is plotted with a different colour. Extension of DNA is 
stable at high force during force-increase scan but decrease dramatically after energy 
barrier is overcome. Cyan dash line indicates extension of naked DNA at the force 
where Dps starts to mediate DNA folding. Figure insets on both sides of the time trace 
graph shows a zoom-in for the DNA folding and unfolding dynamics. Dps-mediated 
DNA folding is observed as a linear behaviour. 
 
 Figure 4b above shows the time trace graph of the dynamics of Dps-mediated 
DNA folding in the presence of 500 nM Dps in 50 mM KCl, pH 7.5 at 23 °C, with the 
folding and unfolding part of the dynamic enlarged at both sides for better view. In the 
time trace graph, extension of the DNA is shown in different colour for different forces 
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acting on the DNA. We observe that DNA extension are stable at higher forces during 
force decrease scan but it starts to decrease dramatically at a lower force after energy 
barrier is overcome, indicating DNA folding. The cyan coloured dashed line shows the 
naked DNA extension from WLC model, for comparison with the decreased DNA 
extension indicating folding activity. From the zoom-in figures, we can see that DNA 
folding occurs in a linear manner without steps, likewise unfolding also occurs in a 
linear manner. This shows that Dps protein may binds on DNA locally by DNA 
wrapping and no DNA loop is formed by DNA-juxtaposition, DNA folding may also 
occur due to protein-protein interaction. The DNA extension during force increase could 
not reach the initial DNA extension at the same force during force decrease, this is 
because DNA had not reached a equilibrium condition and the unfolding force is not 
large enough to properly unfold the DNA. Nonetheless, we can see that DNA is able to 
unfold back to almost its original extension under high force (≈ 10 pN) after some time. 
 Following this, we would like to compare the folding force and unfolding 
dynamics of the Dps-mediated DNA folding at different forces, as shown in figure 4c. 
In this experiment, DNA is first hold at high force of around 10 pN and decrease 
directly to the force of interest to allow DNA folding. DNA extension is allowed to 
decrease until around 4000 nm, after which force is increased directly to the force of 




Figure 4c. Folding and unfolding dynamics of Dps-mediated DNA folding at various 
forces. (i) DNA folding and unfolding dynamics at 1.63 pN folding force and 14.1 pN 
unfolding force respectively. Both folding and unfolding activities are rapid and in a 
linear manner but DNA unfolding is a stochastic process. (ii) Time trace showing DNA 
folding at 1.7 pN and DNA unfolding at 28 pN. Result obtained give similar conclusions 
as experiment described in (i). 
 
Figure 4c below shows the time trace extension graph of DNA folding and 
unfolding at a few different forces; the different coloured curves are repeated 
experiment for statistical purpose. In the experiment shown in figure 4c(i), folding and 
unfolding forces used is 1.63 pN and 14.1 pN respectively. Following this, another 
experiment is performed and shown in figure 4c(ii), with folding and unfolding forces 
of 1.7 pN and 28 pN respectively. From the statistics, we can see that folding dynamic 
of the DNA is a rapid and linear behaviour; the extension time trace is similar among 
the different experiments and overlaps each other. However, the unfolding activity has a 
different dynamic from the folding activity. Although it is also a rapid, linear behaviour, 
but the unfolding rate differs from each repeated experiments, as seen from the non-
overlapping unfolding graphs. This indicates that the DNA unfolding is a stochastic 
process; this result is consistent to the deduction from figure 4b which suggest that Dps-
mediated DNA folding is due to protein-protein interactions.  
From the result in figure 4a-b, we can see that Dps protein is able to bind onto 
DNA and mediate DNA folding in 50 mM KCl, pH 7.5 at 23 °C. Potassium ion is a 
primary intracellular ionic osmolyte in E. Coli and its intracellular concentration 
changes in response to osmolarity of the external growth medium
115,116
. Its 
concentration is estimated to be in the range of 50-300 mM
117
, which is much more 
abundant than the tightly regulated sodium ion at concentration < 10 mM
118,119
. Here in 
our work, we would like to investigate the effect of increased KCl concentration to the 
Dps-DNA nucleoprotein complex, in order to understand how DNA binding by Dps is 




Figure 4d. Dps-mediated DNA folding abolished at increased KCl concentration. 
Force extension graph shows the force response of DNA after 500 nM Dps incubation 
at 50 mM and 150 mM KCl. At 50 mM KCl, DNA extension decreased compare to that 
of naked DNA, with a hysteresis between force-decrease curve and force-increase curve. 
This indicates DNA folding. At increased KCl concentration of 150 mM, Dps no longer 
able to fold DNA. At this condition, DNA behaves like a naked DNA. 
 
Figure 4d above shows the force-extension curve from the single-DNA stretching 
experiment with 500 nM Dps in two different KCl concentrations. The black curve 
shows the force extension curve of a naked DNA as control experiment for comparison 
purpose. The red and blue force extension curves show force response of DNA after 
incubated with Dps at 50 mM and 150 mM KCl respectively; multiple independent 
experiments are performed for each KCl concentrations and three representative data 
are shown here by different types of connecting line, showing the reproducibility of the 
result. After incubating with 500 nM Dps at 50 mM KCl in pH 7.5 and 23 °C, the DNA 
extension reduced dramatically as force decreases to the low force regime, with the 
folding force ranges from 1-1.2 pN, as shown in red. Hysteresis is observed between the 
two force-extension curves from force-decrease scan and force-increase scan, how large 
the hysteresis is depends on how much the DNA is allowed to fold before it is unfold 
again with increased forces. The decrease in DNA extension and the presence of 
hysteresis indicate Dps-mediated DNA folding. As surrounding buffer is increased to 
150 mM KCl, decrease in DNA extension at low force regime is no longer observed, as 
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shown in blue. The DNA behaves like a naked DNA where the blue curves overlap with 
the force extension curves of naked DNA shown in black. Hysteresis is also not 
observed between the force extension curves from force-decrease and force-increase 
scans. This result indicates that at increased monovalent salt concentration, Dps protein 
loses its ability to fold DNA, which can be explained by electrostatic screening between 
the protruding lysine residues and DNA at higher monovalent salt concentrations.  
 
4.4.3 Dps mediate DNA condensation abolished at high divalent salt concentration 
Besides potassium ions, magnesium ions are also essential in bacteria for many 
enzymatic reactions. The in vivo concentration of divalent magnesium ions is in the low 
mM range
94,120
. Therefore here in this work, we also investigate the effects of 
magnesium ions on Dps binding at 0 mM, 2 mM and 10 mM concentrations in 50 mM 
KCl, pH 7.5 at 23 °C. Force response of DNA incubated with 500 nM Dps in the 
absence of MgCl2 had been investigated and results from multiple independent 
experiments had been shown in figure 4d in red, indicating a DNA folding. In figure 4e 
below, force extension curves of DNA incubated with Dps in the presence of 2 mM and 





Figure 4e. Dps-mediated DNA folding abolished at high magnesium ions 
concentration. Force extension graph showing force response of DNA incubated with 
500 nM Dps in 50 mM KCl and at MgCl2 concentration of 2 mM and 10 mM. At 2 mM 
MgCl2, Dps binds to DNA and mediate DNA folding. At 10 mM MgCl2, DNA folding is 
not observed and DNA behaves like a naked DNA. 
 
Red curves in figure 4e show force extension curves of DNA obtained from 
independent experiments done in the present of 500 nM Dps, 50 mM KCl, 2 mM MgCl2 
at pH 7.5 and 23 °C. Dps-mediated DNA folding was observed from the decrease in 
DNA extension at low force regime as well as hysteresis between force extension 
curves from force-decrease and force-increase scans. However, further increasing 
MgCl2 concentration to 10 mM results in the DNA behaving almost like a naked DNA, 
with an absence of hysteresis between the curves from force-decrease and force-
increase scans. Force extension curves from independent experiments are shown in the 
graph in blue, which also yield similar results. From the force extension graphs, we 
observed that Dps-DNA binding is sensitively regulated by MgCl2. However, we could 
not deduce from the single molecule stretching experiments whether the naked DNA-
like force response observed at high MgCl2 is due to bound Dps on DNA unable to 
mediate a DNA folding, or due to the inability of Dps to bind onto DNA. Therefore, we 
proceed to do AFM imaging at different MgCl2 concentrations to further elucidate the 




Figure 4f. AFM imaging of Dps-DNA in the presence of magnesium ions. (i) Control 
experiment done by imaging bare 1,062 bp DNA in 50 mM KCl, 2 mM MgCl2. (ii) AFM 
image of Dps-DNA nucleoprotein complex in 50 mM KCl, 2 mM MgCl2, showing DNA 
aggregations and some naked DNA in the surrounding. (iii) AFM image of Dps-DNA in 
50 mM KCl, 10 mM MgCl2, showing naked DNA and loose proteins, hence indicating 
Dps unable to bind to DNA at this buffer condition. 
 
AFM imaging is done on modified mica surface with 1,062 base pairs long 
DNA. Sample is prepared by incubating Dps and DNA at a fixed ratio of 1 protein to 1 
base pair in buffer containing 2 mM and 10 mM MgCl2. Figure 4e(i) shows AFM image 
of naked DNA in 50 mM KCl and 2 mM MgCl2, acting as control experiment. It can be 
seen that the DNA here is randomly coiled and evenly spread apart. In the presence of 
Dps protein in the same buffer condition, AFM image shown in figure 4e(ii) revealed 
DNA aggregations mediated by Dps, surrounded by naked DNA. Conversely, Dps-
mediated DNA aggregation is not observed in the AFM image shown in figure 4e(iii) 
where sample is incubated in increased MgCl2 concentration of 10 mM. This result is 
consistent with previous biochemical and AFM studies that reported loss of DNA 
aggregation in the presence of Dps in high magnesium concentrations
40,74
. In the AFM 
image in figure 4e(iii), many loose proteins are seen lying alongside with naked DNA; 
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the lack of height contrast in the DNA indicates that Dps proteins are not bind on it, 
hence explaining the naked DNA-like behaviour observed in single DNA stretching 
experiment at the same buffer concentration (figure 4e, blue). 
 
4.4.4 Effect of pH and temperature on Dps-DNA complex 
Besides potassium and magnesium ions concentrations, acidity and temperature 
also play important roles which affect the growth and functions of E. Coli. In this part 
of my work, the effect of changes in pH (figure 4g i) and temperature (figure 4g ii) on 
Dps-DNA binding will be investigated from the force response of the DNA in single-
DNA stretching experiment 
 
Figure 4g. Force response of DNA upon Dps binding in different pH and temperature. 
(i) Force extension graph shows force response of DNA upon Dps binding in 50 mM 
KCl, 2 mM MgCl2 at pH 6.5 and pH 8.5. Dps is able to mediate DNA folding at low pH 
but unable to bind DNA at increased pH. (ii) Force extension graph shows force 
response of DNA upon Dps binding at various temperatures, revealing stability of the 
nucleoprotein complex at the range of temperature tested. 
 
Figure 4g(i) shows the force extension graphs obtained in buffer of 50 mM KCl 
and 2 mM MgCl2 in pH 6.5 and 8.5, the results are shown in red and blue respectively. 
The black curve shows force extension curve of a naked DNA in pH 6.5 as a control 
experiment. Upon incubation of 500 nM Dps, force extension of the DNA shift to the 
right with a presence of hysteresis between force-decrease and force-increase scans, 
indicating Dps-mediated DNA folding. Data from multiple independent experiments are 
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also shown in red in the same graph. Dps-mediated DNA folding at pH 6.5 is more 
significant than that at pH 7.5 shown previously in figure 4e (red data), indicated by 
significantly larger forces where DNA folding started at pH 6.5. Further increasing the 
pH to 8.5 results in Dps failing to fold DNA, shown in figure 4g in blue. The force 
extension curve of the DNA at this condition overlaps with the force extension curve of 
the naked DNA (black). These results are consistent with previous AFM studies that 
showed Dps-mediated DNA condensation is eliminated by increasing pH
40
.  
The effects of temperature were investigated similarly in 500 nM Dps, 50 mM 
KCl and 2 mM MgCl2 at pH 7.5. Force extension curves of the DNA from multiple 
independent experiments performed at 30 °C and 37 °C are shown in figure 4g(ii) in red 
and blue respectively; these results are compared with experiment done in the same 
buffer condition at 23 °C (figure 4e, red). We found that the increase in temperature has 
little influence on DNA-binding by Dps and that DNA starts to fold at almost similar 
folding force at all three temperatures tested. This is again consistent with previous 




 Overall, our data revealed that the interaction of Dps with DNA changes 
depending on environmental factors. Dps is able to bind DNA at low KCl and MgCl2 
concentrations, as well as in low pH, resulting in DNA folding. The Dps-DNA complex 
is stable against increase in temperature over physiological range. 
 
4.5 Discussion and conclusion 
Our study by single-DNA manipulation approach revealed the interaction 
between Dps and DNA, with Dps binding to DNA mediating a folding activity due to 
protein-protein interaction at low force. In addition, this Dps-DNA binding is 
sensitively controlled by environmental factors including KCl and MgCl2 
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concentrations as well as pH. This environmental dependence DNA binding mode and 
its resulting DNA organization are summarized in a schematic diagram in figure 4h 
below. 
 
Figure 4h. DNA organization by Dps. Schematic diagram showing the ability of Dps to 
bind to DNA and organize it into a coral-like structure and its dependency on KCl and 
MgCl2 concentrations as well as pH. 
 
It is shown that Dps is able to bind to DNA in most of the physiological relevant 
condition, which can mediate DNA folding when force is decreased. Previous study by 
DNAse digestion assay revealed similarity in Dps-DNA binding characteristic with 
other histone-like protein, indicating non-sequence specificity binding
39,107
. Dps 
proteins exist as a dodecameric complex in solution due to hydrophobic interaction, 
however, there is no DNA binding sites found in this 12-mer complex. Therefore, it is 
not known whether Dps binds DNA in this dodecameric states or in other oligomeric 
states. However, there was fluorescent imaging study which revealed that prolonged 
incubation of protein results can in three adjacent dodecameric Dps complexes able to 
self-aggregate into a crystal lattice with a hole lined by lysine-rich N-termini where 
DNA is assumed to be threaded through, forming beads on a thread structure
73,108
. 
Previous AFM imaging results described Dps-DNA complex as a coral-liked structure 
with Dps core and naked DNA looping outside the core
40
. Our DNA stretching 
experiment support these previous results as in our experiments, a model suggesting 
how this occurs is shown in figure 4i below. As the DNA is hold with high force, it is in 
its extended configuration and Dps can bind onto the DNA as they form crystal lattice 
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in the buffer, resulting in the bead on a thread structure suggested by previous study. As 
force is decreased, Dps can mediate DNA folding at which is probably due to protein-





Figure 4i. DNA organization mediated by Dps in presence of force. Schematic 
diagram shows that at high force, DNA is stretched and appear in an extended form, 
Dps is able to binds to it in physiological relevant buffer conditions. When force is 
reduced, the bound Dps are able to interact with each other and reduced the extension 
of the DNA, forming a coral-like structure as seen by previous AFM imagings. 
 
Dps was shown to be able to bind onto DNA in a low salt and low pH 
environment. Our single-DNA stretching experiments show that as KCl and MgCl2 
concentration increased, Dps-mediated DNA folding is no longer observed; this is 
because the protein loses its ability to binds onto DNA as observed by AFM imaging 
shown in figure 4f. This weakened in Dps-DNA binding is due to electronic screening 
between the protruding lysine residues and DNA in the high salt concentration. We can 
see from here that the DNA-binding ability of Dps provides an important basis for 
structural role of the protein. Similarly in our experiment, Dps mediated DNA folding is 
not observed in high pH, which is consistent with previous study by gel assay which 
revealed that it is because protruding lysine residues are deprotonated hence large Dps-






4.5.1 Implications on bacteria’s chromosomal DNA packaging 
Bacteria growth goes through different phases and the abundance of different 
proteins varies across these growth phase. As bacteria grow rapidly in the exponential 
phase, large amount of nutrients are taken up while harmful by-products are released, 
resulting in cell death and slowing down in growth rate. As a result, bacteria enters 
stationary growth phase. Dps protein is a stress-response protein that is highly up-
regulated in the bacteria cell during early stationary growth phase, therefore it is 
predicted to play important role to help the bacteria survive through the stressful 
nutrients deficient condition. Previous studies revealed that at the transition from 
exponential to stationary growth phase, despite a reduction in cell size and its DNA 
content, the bacteria nucleoid also changes from a more dispersed morphology into a 
highly condensed structure
20
. Since Dps is the most abundant protein present in the 
bacteria cells in early stationary growth phase
28
 and it binds to DNA without any 
apparent specificity
39
, Dps is believed to be the main NAP responsible for the 
chromosomal DNA packaging to retain the DNA compacted structure in this early 
stationary growth phase.  
 
4.5.2 Implications on bacteria’s global gene regulation 
DNA metabolism and transcription activity in bacteria cell happen at different 
scale at different growth phase, these must be carefully and tightly controlled by a set of 
genes which are able to respond rapidly to sudden changes in surrounding environment 
at times. In order for this to happen, the dynamic of the DNA nucleoid organization 
must change accordingly to allow access to targeted proteins when necessary, hence 
suggesting that the nucleoid is not homogeneous in structure and that there is a 
correlation between transcription activity and the nucleoid organization. Therefore, we 
suggest that the DNA condensation and aggregations mediated by Dps proteins may 
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protect the DNA from being damage. At the same time, this compacted state of DNA 
may lead to global gene silencing by restricting access to the DNA, which also reduce 
the metabolism of the cell to conserve energy in the nutrients deprived stage. Our 
single-DNA stretching experiments data showed that Dps is able to bind and mediate 
DNA folding at low KCl and MgCl2 concentrations as well as low pH, but Dps binding 
is impaired by increasing the salt concentration or pH. The ability of the Dps-DNA 
complex to release itself from the tightly bound compaction state at times can help the 
DNA nucleoid to reset to its basis architectural state to allow regulation of transcription 
and gene expression. 
 
4.5.3 Conclusion 
 In summary, we have shown that Dps protein is able to non-specifically bind to 
DNA and result in DNA condensation in the most physiological relevant buffer 
condition. This DNA-binding ability is sensitively tuned by changes in environmental 
factors where increased in KCl and MgCl2 concentration as well as pH will switch off 
the binding. Being the most abundant protein in the bacteria cell during the early 
stationary growth phase, Dps is said to be the main protein responsible for the high 
compaction state of DNA at that instance and regulate gene expression and transcription 
activity to minimize metabolism at the nutrients deficient stage. Our findings provide 
insights into the interaction and functions of Dps in bacterial chromosomal packaging 





Chapter 5 Integration host factor (IHF) protein 
5.1 Introduction 
Another NAP which is up-regulated in bacteria upon entering early stationary 
growth phase is the integration host factor (IHF) protein; it is one of the most abundant 
sequence-specific DNA-binding proteins in E. Coli. Previous study using quantitative 
western immunoblot analysis of E. Coli revealed a copy number of about 12,000 
molecules per cell in exponential growth phase
28
. Upon entering stationary phase, the 
copy number of all other proteins decreases but IHF proteins increased, alongside with 
Dps protein. The level of IHF increased when the growth started to decrease and finally 
reached a maximum of about 55,000 monomers per cell in the early stationary 
phase
28,121
. However, the IHF level decreased again to less than one-half of the 
maximum level after prolonged culture
28
.  
IHF is related to HU at the level of amino acid sequence with approximately 30% 
similarity, although IHF has a distinct mode of interaction with DNA. IHF is composed 
of α–subunit and a β–subunit, where the αβ heterodimer is the predominant active form. 
Previous studies using X-ray crystallography and nuclear magnetic resonance had 
revealed the structure of the homodimeric HU protein in the absence of DNA
122-124
. 
Similarly, the structure of IHF proteins consist of α and β subunits intertwined to form a 
compact body with two long β sheet arms extended from it. The arms interact 
exclusively with the minor groove of DNA and wrap around it, with the proline residue 
in each arm conserved and favoured for DNA-binding. Its width allows extensive 
hydrophobic contact with the DNA bases and allows formation of hydrogen bond 
between the peptide backbone of the arm and the 5’ end of DNA, forming a kink at the 
DNA binding site. Due to its natural protein structure, IHF protein is able to bind and 
bend DNA. In order to bend DNA, proteins must overcome the forces that usually keep 
the DNA straight, e.g. the repulsion of the phosphate backbone charges and the energy 
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from base stacking, which can be done by placing large positive surface on the inside of 
the DNA bend as well as by intercalating the hydrophobic side chain between the base 
pairs. 
The intracellular concentration of IHF protein is at least two orders of magnitude 
higher than its site-specific kD of around 1 nM
28,125
, suggesting that IHF may associate 
with DNA in a non-specific manner thus contributing to bacterial chromatin 
organization. In contrast to Dps protein mentioned in the previous chapter, IHF reacts 
oppositely to the presence of MgCl2: IHF protein can bend and introduce a kink to DNA 
at low KCl concentration in the absence of magnesium; in the presence of MgCl2 in 




As IHF protein bends the DNA, it allows the λ integrase to bind to its promoter 
and contact the cleavage site. IHF was originally identified and isolated as an essential 
co-factor for site-specific recombination of phage lambda in E. Coli
126
. IHF is now 
recognized as a factor of global regulation in the transcription of many genes
127
. The 
DNA-bending ability of IHF allows it to initiate transcription by facilitating contact 
between regulatory proteins and RNA polymerase
128
, presenting a portion of the 
promoter sequence to the relevant portion of RNA polymerase. In addition, IHF also 
affects chromosome replication initiation at the chromosomal origin and influences the 




5.2 Motivation and objective 
As bacteria enters stationary growth phase, all the other proteins decrease in 
copy number but contrastingly, IHF protein increases alongside with Dps protein. This 
highlight the importance of IHF proteins in bacteria cells during this critical nutrition 
deprivation period, which is the main motivation why we would like to study this 
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protein. Intensive studies had previously been done on this IHF protein, revealing its 
roles in nucleoid structuring, chromosome replication and DNA rearrangements as well 
as transcriptional roles. In all of these cases, the primary role of IHF is in remodelling 
DNA at a local level through the introduction of DNA bend. Therefore, we would like 
to study the DNA-binding properties of IHF at single-molecule level, in the hope that it 
could shed light to further understand the mechanism of how IHF protein perform its 
biological functions.  
 
5.3 Material and method 
5.3.1 Over-expression and purification of IHF  
Purified E. coli wild-type IHF was a kind gift of D. Esposito to P.D., which was 




5.3.2 Magnetic tweezers experiment 
 Magnetic tweezers setup used in the single-DNA stretching experiment is 
similar to the setup used in previous chapters and described in details in section 2.1. 
Briefly explain, a flow chamber is fabricated to be used in the magnetic tweezers. It is 
mainly made by a chemically functionalized coverslip sandwiched between two normal 
coverslip, revealing one of the long edge of the functionalized coverslip which allows 
DNA tethering in the later stage. The flow chamber is sealed with silicon and let dry 
completely before used. It can contain around 200 μl of buffer at each time and buffer 
can be exchange according to need. 
In our experiment, a λ-DNA of 48,502 base pairs is used. The DNA is 
chemically pre-modified at both ends with biotin, hence allowing one end of the DNA 
to be tethered to the functionalized glass edge and the other end with streptavidin-coated 
magnetic bead (Dynabeads® M-280 Streptavidin, Invitrogen). Free beads in the flow 
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chamber are flushed away with large amount of working buffer and finally the 
incubated flow chamber is ready to be used. 
In the DNA stretching experiment, extension of DNA is measured at each forces 
and recorded at real-time using a camera-based centroid tracking software written in 
LabVIEW program (National Instruments, U.S.A). Single DNA is calibrated as control 
and time scale for each force is 30 seconds. Force is first set at 10 pN and reduced in 
steps until 0.1 pN, it is then increased again back to 10 pN. The DNA extension 
recorded is plotted against the force into a force extension graph and analysis can be 
done by comparing the force response of the DNA before and after protein incubation. 
 
5.4 Results  
5.4.1 Switch from IHF-mediated DNA bending to DNA folding in the presence of 
magnesium 
Non-specific binding of IHF to DNA and its dependence on MgCl2 were 
investigated previously at a single molecule level by using a magnetic tweezers, 
revealing IHF-mediated DNA bending in low KCl concentration in the absent of MgCl2 
and IHF-mediated DNA condensation in the presence of > 2 mM MgCl2
35,62
. Previous 
study by AFM imaging on IHF-DNA complex had also been done, revealing the ability 
of IHF to cause DNA aggregations in present of magnesium but abolished at high KCl 
concentration
62
. Here in our work, we would like to study the IHF-DNA binding in a 
more detailed manner, investigating how it is affected by changes in various other 
environmental conditions. This will be done by single-DNA stretching experiments 
using transverse magnetic tweezers, which revealed the force response of DNA upon 
IHF binding. The in vivo stoichiometric ratio of Dps:IHF is about 10:1
28
; therefore we 
chose a fixed concentration of 50 nM IHF in the experiments which is 10 times smaller 
than the Dps concentration used previously in section 4. 
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First of all, we would like to investigate the IHF-DNA binding in the presence of 
different concentration of MgCl2. A single DNA tether is found and it is calibrated 
against a set of force. The force extension curve of this naked DNA is plotted in black in 
figure 5a, acting as a control experiment for comparison later. In this experiment, we 
investigate the force response of DNA by a force-decrease scan where the force is 
decrease from around 10 pN to 0.1 pN in steps, this is followed by a force-increase scan 
where the force is increase back to 10 pN in steps. The DNA was held at each force for 
around 30 seconds to allow recording of DNA extension measurements over the time 
frame. Data collected during force-decrease scan is plotted with solid symbols in the 
force-extension graph while data from the force-increase scan is plotted with open 
symbols. Lines between the data are merely connecting lines which do not serve any 
fitting purpose. Multiple independent experiments are repeated several times to ensure 
reproducibility with only three representative data shown in figure 5a, each of them 
plotted in the graph with symbol of same colour but with different connecting lines. 
 
Figure 5a. Force response of DNA upon IHF binding in various magnesium ions 
concentration. Black curve shows force extension curve of naked DNA as control 
experiment for control purpose. Red, blue and orange curve shows force response of 
DNA after incubating with 50 nM IHF in the presence of 0, 2 and 10 mM MgCl2 
respectively. Multiple independent experiments are plotted in the same colour but with 
different types of connecting lines. IHF-mediated DNA bending is observed in the 
absence of MgCl2, this is switched to DNA folding in the presence of MgCl2, although 




Figure 5a below shows the force extension curves of DNA before and after 
incubated with 50 nM IHF in 50 mM KCl in pH 7.5 at 23 °C and at 0, 2 and 10 mM 
MgCl2. Upon addition of IHF, it is observed that there is a shift in the force extension 
curve (shown in red) to the right of the force-extension curve of the naked DNA (shown 
in black). At low force regime, the DNA extensions appear to be shorter than the naked 
DNA extension and no hysteresis is observed between the force extension curves of 
force-decrease and force-increase scans. This indicates that IHF is able to mediate DNA 
bending upon binding in the absence of MgCl2 and the absence of hysteresis indicates 
that IHF-DNA binding has reached equilibrium at our force-scanning speed. This result 
is consistent with previous study which revealed IHF-mediated DNA bending
131
. 
In the present of 2 mM MgCl2, dramatic decrease in DNA extension is observed 
during force-decrease scan starting from ≈ 3 pN force, as shown in the blue curves. 
Besides being shorter than the naked DNA, the force-decrease curves (solid symbols) 
are significantly longer than the subsequent force-increase curves (open symbols), 
forming a hysteresis between both curves, hence indicating IHF-mediated DNA folding. 
This is consistent with previous study which revealed IHF-mediated DNA folding
62
. 
Further increasing the MgCl2 concentration to 10 mM also results in DNA folding, as 
shown in orange. However, the hysteresis between force-decrease and force-increase 
curves are less significant compare to that obtained at 2 mM MgCl2, which is probably 
due to increased electrostatic screening effect at higher MgCl2 concentration. 
 
5.4.2 Effect of changes in pH and temperature on IHF-DNA  
In addition to KCl and MgCl2 concentrations, pH and temperature are two other 
important factors affecting cell growth and functions. However, the effects of pH and 
temperature on IHF-DNA binding had not been studied before. Here in our work, the 
effects of changes in pH and temperature were examined using the same experimental 
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procedure as in the study of how changes in MgCl2 affect the IHF-DNA interaction in 




Figure 5b. Effect of pH and temperature on IHF-mediated force response of DNA. (i) 
IHF-mediated DNA folding is observed even with increasing pH. However, at higher 
pH, DNA folding starts from a smaller force and hysteresis forms a smaller loop. (ii) 
IHF-DNA nucleoprotein complex remains stable and DNA is observed at all 
temperature tested.  
 
 Figure 5b(i) shows force extension curves from single-DNA stretching 
experiments done in 50 mM KCl, 2 mM MgCl2 with two different pH of 6.5 and 8.5 at 
23 °C, results are shown in red and blue respectively. In both pH conditions, IHF 
mediated DNA folding occurred as indicated by the decreased DNA extension when 
force is decreased and the presence of hysteresis between the force extension curves 
from force-decrease and force-increase scans. It is observed that IHF mediates a 
stronger DNA folding that starts from a higher force in pH 6.5 compare to that in pH 8.5, 
and with a larger hysteresis loop.  
 The effect of increasing temperature on DNA binding by IHF is investigated in 
similar manner and its force extension curves are shown in figure 5b(ii). Stability of the 
IHF-DNA complexes is revealed from similar folding force and similar degrees of 
hysteresis between each folding and unfolding curves. It is observed that IHF-DNA 
complex is insensitive to temperature changes as it is increased to 30 °C and 37 °C, as 




Overall, IHF binding mediates DNA bending in the absence of MgCl2, which is 
switch to DNA folding in the presence of MgCl2. This IHF-mediated DNA folding is 
observed even at 10 mM MgCl2. In addition, IHF-DNA complexes are stable against 
increased pH and temperature. 
 
5.5 Discussion and conclusion 
In this section, we investigated the IHF-DNA binding modes and organization in 
response to changes in environmental conditions, including KCl and MgCl2 
concentrations, pH and temperature. It is observed that upon addition of magnesium 
ions, local DNA binding mode by IHF is switched from DNA bending to DNA folding, 
thereby resulting in a different DNA conformation. From previous studies, we 
understand that the IHF-mediated DNA folding occurs due to IHF proteins able to 
cross-link remotes parts of the DNA. The different DNA binding modes and its 
dependence on environmental factors are summarized in figure 5c below. 
 
Figure 5c. Effect of magnesium ions on local DNA binding modes of IHF. In the 
absence of MgCl2, IHF is able to binds to DNA and mediate DNA bending, forming a 
kink at the local binding site. In the presence of MgCl2, IHF-mediated DNA bending is 




5.5.1 Implications on bacteria’s chromosomal DNA packaging 
As bacteria enters from the exponential growth phase to early stationary growth 
phase, the expression of IHF increased alongside with Dps protein while expression of 
all the other NAPs are suppressed
28
. Following Dps, IHF became the second most 
abundant NAP in the bacteria nucleoid at that instance, with a copy number if ≈ 55,000 
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and a concentration of ≈ 55 µM. Although the intracellular concentration of IHF is only 
one tenth of that of Dps, this does not affect the DNA binding ability of IHF as the Kd 
of IHF protein is much lower than Dps. Previous study done by super-resolution 
imaging revealed the intracellular localization of IHF proteins where it was found to be 
widely spread in clusters on the E. coli chromosome
132
; this may be due to the sequence 
preference of IHF protein. It had been shown in other studies that IHF can bind 
specifically to DNA at some binding sites. All these information, together with our 
experimental results which shows that IHF condenses DNA at physiological 
concentrations of magnesium, suggest that IHF also plays a major part in chromosomal 
DNA packaging during the early stationary phase. Nonetheless, additional studies need 
to be done to elucidate how IHF contributes to chromosomal packaging in the presence 
of other NAPs. 
 
5.5.2 Implications on bacteria’s global gene regulation 
It had been known that IHF is able to affects gene transcription globally; 
previous study revealed that IHF resulted in 42 upregulation and 39 downregulation of 
gene expression
133
. The activation of gene transcription of IHF has been suggested to be 
related to its DNA bending property which facilitate contact between the regulatory 
proteins and RNA polymerase
134
. Since IHF only mediates DNA bending at certain 
buffer condition, it is likely that the global gene regulation by IHF may be influenced by 
the same physiological factors. Since there is a high-affinity binding of IHF to specific 
DNA sequence and this may induce a different DNA conformation, the specific binding 
most likely strictly regulate a specific set of genes which is important in the early 
stationary phase of bacteria growth. 
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5.5.3 Other implications on bacteria growth 
In our work, besides DNA bending, the non-specific binding of IHF can also 
mediate DNA folding in other environment conditions, including at increased MgCl2 
concentration and pH. The DNA organization under this type of binding mode resulted 
in a meshwork-like structure, which portrays structural similarity to eDNA meshwork in 
biofilm formation where NAPs like IHF and HU plays important role
135,136
. Previous 
study had shown that removal of IHF and HU proteins leads to biofilm disassembly or 
biofilm debulking
135
. Therefore, although not directly implied, our results provide 
additional insights into the structural roles of IHF in supporting biofilm integrity. 
   
5.5.4 Conclusion 
 In summary, we had shown that IHF is able to binds DNA with different local 
DNA-binding modes which result in different DNA organization. These DNA binding 
modes and organizations are sensitively tuned by environmental factors. The presence 
of MgCl2 switches from IHF-mediated DNA bending to DNA juxtapositioning, which 
is observed even at high MgCl2 concentration as well as in increased pH and 
temperature, hence indicating the stability of the complex. Being the second most 
abundant protein during the early stationary growth phase, IHF is expected to play a 
part in maintaining the DNA compaction at the instance and regulate gene expression in 
a controlled manner. Our findings provide insights to further understand the interaction 
between IHF and DNA in response to environmental changes and its biological function 





Chapter 6 DNA organization during early stationary growth phase by Dps and 
IHF 
6.1 Introduction 
As previously mentioned, bacteria go through different growth phases and the 
abundance of its intracellular protein varies according to the importance of protein at 
that instance
28
, resulting in different nucleoid architectures and affecting gene 
expression on a global scale. As bacteria enter early stationary growth phase, Dps and 
IHF proteins are highly expressed while expression of the other NAPs are significantly 
suppressed. This lead to Dps protein being the most abundant NAP in E. Coli during 
this nutrient deficient situation, followed by integration host factors (IHF), with a 
intracellular Dps:IHF ratio of around 10:1
28
. Although copy number of IHF is one tenth 
of that of Dps, it does not affect the DNA-binding ability of the IHF and its resultant 
effect on DNA organization. The number of molecules present in a cell does not 
represent the number of molecules bound with the nucleoid because different proteins 
bind DNA with different affinities
27
. As a result of the changes in intracellular protein 
concentrations, major structural components of the nucleoid changes from Fis and HU 
in the exponential phase to Dps and IHF in the early stationary phase. At the same time, 
the E. Coli nucleoid becomes more compact and DNA superhelicity decreases upon 
entering early stationary phase. The growth phase dependent change in the appearance 
of stationary phase nucleoid therefore suggested that a hierarchy exists in the order of 
expression of stationary-phase genes. 
From the previous two chapters 4 and 5, DNA-binding modes and organization 
by Dps and IHF proteins had been studied individually using single-DNA stretching 
techniques by magnetic tweezers; they interact with DNA differently under different 
environmental conditions. Dps protein is able to bind onto DNA and condense DNA 
into a coral-like structure in a buffer of 50 mM KCl at pH 7.5, either in the absence or in 
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the presence of 2 mM MgCl2. Once binding occurs, this Dps-DNA complex is stable 
against changes in temperature. Upon Dps binding in 50 mM KCl, 2 mM MgCl2 and 
pH7.5, Dps- mediates DNA folding and this behaviour is still observed when 
temperature is increased to 37 °C. However, changes in salt concentration and pH have 
significant effect on the Dps-DNA binding. At an increased salt concentrations of 150 
mM KCl and/or 10 mM MgCl2, Dps protein no longer able to condense DNA. Similarly 
at pH 8.5, Dps-mediated DNA folding is also not observed. On the other hand, IHF is 
able to bind and bend DNA at 50 mM KCl in the absence of MgCl2. In the presence of 
MgCl2, IHF is able to juxtapose remote parts of DNA, resulting in DNA condensation
35
. 
The IHF-DNA complex can also further aggregates into higher ordered structures
62
. 
This scenario is observed even at high magnesium concentration of 10 mM as well as in 
high pH. IHF-DNA complex is also stable against increase in temperature in the range 
tested up to 37 °C.  
 
6.2 Motivation and objective 
We believed that the co-existence and up-regulated expression of Dps and IHF 
in early stationary growth phase does not happen by chance, as every gene regulation at 
every growth phase serves important purposes. Since both Dps and IHF proteins are up-
regulated in the bacteria cell as it enters early stationary phase while expression of other 
proteins are suppressed, these proteins are believed to play important roles in helping 
the bacteria cell to survive the nutrient deficient stress. In addition, Dps and IHF 
proteins are the two most abundant proteins present in bacteria cell in the early 
stationary phase. Therefore, we believe that these proteins do not work individually but 
perform their biological functions in tandem with intricate interplay. Hence, this 
motivates us to figure out the concerted action of Dps and IHF proteins. 
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As both the proteins respond differently to changes of environmental factors, it 
is likely that their relative association to nucleoid is tuned by changes in environmental 
conditions. But at present, how these proteins achieve their biological functions remains 
unclear. In the previous two sections, we had investigated the individual DNA-binding 
properties of Dps and IHF proteins at a single-molecule level, and the results had been 
summarised in the introduction of this chapter. To gain further insights into the 
biological functions of these two proteins as a whole, we aim to investigate the 
competition between Dps and IHF for DNA binding in different environments using 
single-DNA stretching method. 
 
6.3 Material and method 
6.3.1 Over-expression and purification of Dps  
The E. Coli Dps gene sequence is derived from NCBI GenBank (Accession 
number: CAA49169) and synthesized (1st Base, Singapore). The synthesized gene was 
cloned into pET vector using NdeI and XhoI (New England Biolabs) for expression and 
purification. The expression and purification protocols are the same as previously 
described in section 4.3.1. The gene synthesis derived Dps protein was finally verified 
with mass spectroscopy. 
 
6.3.2 Over-expression and purification of IHF  
Purified E. coli wild-type IHF was a kind gift of D. Esposito to P.D., which was 




6.3.3 Magnetic tweezers experiments 
The setup used in magnetic tweezers stretching experiment had been previously 
described in section 2.1 and is similar to the one used in the previous chapters. A single 
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48,502 base pairs λ-DNA was labelled with biotin at both ends. One end of the 
biotinylated DNA was tethered to a streptavidin functionalized surface, and the other 
end to a streptavidin-coated magnetic bead (Dynabeads® M-280 Streptavidin, 
Invitrogen). Real time extension measurement of the DNA molecule was recorded using 
a camera-based centroid tracking software written in LabVIEW program (National 
Instruments, U.S.A). DNA extension is then plotted against a set of force as a force-
extension graph to allow analysis to be done based on the DNA force response. 
 
6.4 Results  
6.4.1 Competitive binding of Dps and IHF to DNA at increased magnesium 
concentrations 
In section 4 and 5 above, Dps and IHF binds to DNA in markedly different 
manners, resulting in different DNA architecture in response to environmental changes. 
The individual experiments on force-responses of DNA upon binding by Dps and IHF 
and how they are affected by environmental changes form the basis for analyzing their 
competitive binding to DNA. Here in section 6, we investigate the dynamic interaction 
of a mixture containing both IHF and Dps with DNA to understand the competition 
between these two proteins to DNA binding in various environmental conditions. Since 
the in vivo stoichiometric ratio of Dps:IHF is about 10:1
28
 and due to experimental 
protein concentrations used in section 4 and 5, we study the competitive binding by 
incubating DNA with a protein mixture containing 500 nM Dps and 50 nM IHF.  
First of all, the effect of MgCl2 concentrations on DNA binding by the protein 
mixture is tested by single-DNA stretching experiment. Similar to the presentation in 
previous chapters 4 and 5, DNA is hold at high force such that its extension is almost 
fully extended; force is then decreased from 10 pN to 0.1 pN in steps for force-decrease 
scan and later increased back to 10 pN in steps for force-increase scan, with a time 
100 
 
window of 30 seconds between each force. Data obtained in force-decrease scan is 
plotted by solid symbols and data obtained in force-increase scan is plotted by open 
symbols. Lines connecting each data are merely for presentation purpose and do not 
represent a fitting. Several independent experiments are performed with three 
representative data shown in the same colour with different connecting lines. 
 
Figure 6a. Preferential binding by Dps and IHF in varying magnesium ions 
concentrations. Force extension graph shows that DNA remains in a condensed state at 
all MgCl2 concentration tested, likely due to preferential selection of protein binding. 
 
 
Figure 6a shows that after incubating DNA with the protein mixture in 50 mM 
KCl in pH 7.5 at 23 °C and in the absence of magnesium, DNA folding is observed 
from the decreased DNA extension at low force regime and the present of hysteresis 
between force extension curves from force-decrease and force-increase scans (shown in 
red). Since IHF protein alone in this buffer condition could only mediate DNA bending 
without any folding, this DNA folding must be mediated by Dps protein which is 
previously shown to be able to fold DNA in this buffer condition. However, it cannot be 
eliminated that IHF binding may also occur concurrently and its effect on DNA cannot 
be detected after co-binding by Dps. It cannot be elucidate whether the DNA folding is 
due to binding by Dps alone or by both IHF and Dps, which warrants future study in a 
more detail manner by fluorescence imaging. 
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 As both Dps and IHF are able to bind and fold DNA in the presence of 2 mM 
MgCl2, we can expect DNA folding to occur when the protein mixture is added at this 
buffer condition. Indeed, the force response of DNA shows similar level of DNA 
folding, as shown in blue in figure 6a. Further increasing MgCl2 concentration to 10 
mM MgCl2 retain the DNA folding scenario although decreased in DNA extension at 
low force regime is less than in 2 mM MgCl2, as shown in orange. Given that Dps do 
not bind or fold DNA at this buffer condition, this DNA folding must be due to IHF 
binding. Based on this graph, we conclude that increasing MgCl2 concentration can 
switch DNA binding from both Dps and IHF to IHF alone, both resulting in DNA 
folding but at slightly different levels and by different mechanisms. 
 
6.4.2 Preferential selection for DNA-binding by Dps and IHF at increased pH and 
temperature 
 As bacteria maintain its intracellular temperature as the surrounding temperature 
and a pH homeostasis in response to extracellular acid stress
137
, these two factors play 
important role in the bacteria growth and survival. Therefore, single-DNA stretching 
experiments were conducted to investigate the effects of increasing pH and temperature 
to the force response of DNA after incubated with the protein mixtur. Results from both 






Figure 6b. Effect of pH and temperature on the preferential selection for DNA 
binding by Dps and IHF. (i) Force extension curve of DNA incubated with the protein 
mixture shows DNA folding at all pH tested, indicating a switch from Dps and IHF to 
IHF binding alone as pH increases from 6.5 to 8.5. (ii) DNA remains in condensed state, 
mediated by both Dps and IHF, even at increased temperature. This indicate the high 
stability of the nucleoprotein complex. 
 
 Figure 6b(i) shows force extension curves from a single DNA incubated with the 
protein mixture in a buffer containing 50 mM KCl, 2 mM MgCl2 at 23 °C in two 
different pH values of 6.5 and 8.5, as shown in red and blue respectively. Similar 
experiment done in pH 7.5 had been shown previously in figure 6a (blue curves) above. 
Similar to DNA folding observed in pH 7.5, DNA folding is also observed here in both 
pH 6.5 and 8.5. DNA folding observed in pH 6.5 started at a high folding force just 
slightly below 10 pN, which is significantly larger than that in pH 7.5 and pH 8.5. Since 
both Dps and IHF could binds DNA at pH 6.5, this DNA folding observed could be due 
to DNA binding to both proteins. Conversely at pH 8.5, only IHF could mediate DNA 
folding while Dps is unable to bind to DNA, hence the DNA folding observed here in 
pH 8.5 must be due to IHF protein alone. Overall, these results indicate that DNA can 
attain its compaction state by a switch from both Dps and IHF to selective binding of 
IHF alone during increased pH over a physiological range. However, since the DNA 
foldings mediated by either or both of the proteins were stochastic events and we only 
hold the DNA at each force over a fix timescale, the DNA did not reach a steady state 




the decrease in DNA extension during every DNA folding event was not consistent and 
the size of hysteresis loop between force decrease and force increase scans varies. 
 As for the case of temperature change, it was previously shown that both Dps 
and IHF remains bound to DNA and that the nucleoprotein complexes are stable against 
increasing temperature. This directly gives a prediction that DNA will remain in a 
compact states in the present of the protein mixture at all times when the temperature 
increased, depending on the surrounding salt concentration and pH condition. Indeed, 
force-extension curves in figure 6b(ii) shows large scale DNA folding with strong 
hysteresis in 50 mM KCl, 2 mM MgCl2 and pH 7.5 when temperature was increased 
from 30 °C to 37 °C, as shown in red and blue respectively. Take note that similar 
experiment done in 23 °C had been shown previously in figure 6a in blue. 
 In summary, our data reveal that selected binding of Dps, IHF, or both to 
maintain different types of DNA condensation depends on the environment. This will be 
further discussed with a schematic in the following discussion in part 6.5. 
 
6.5 Discussion and conclusion 
 In chapter 4 and 5, we had investigated the DNA-binding properties of Dps and 
IHF proteins individually which respond to environmental changes in markedly 
different manners. This forms the basis for the study on the competitive DNA-binding 
of both Dps and IHF together in this chapter. Result from this work have revealed 
several interesting phenomena on how the two most abundant NAPs in the bacteria’s 
early stationary growth phase interact with DNA and respond to major environmental 
changes. These resultant DNA organizations in the buffer conditions tested had been 








6.5.1 Implications on bacteria’s chromosomal DNA organization 
Dps and IHF are the two most abundant NAPs present in the E. coli nucleoid in 
the early stationary growth phase, with an intracellular ratio of Dps: IHF at around 10:1. 
Although there is a ten times different in their copy number, IHF has a low Kd and are 
known to be able to bind specifically to DNA at certain binding sites, tightly control the 
DNA organization and gene transcriptions at these sites. It is therefore believed that 
both Dps and IHF are as important in performing their biological functions and that they 
do not do this separately, but work in tandem with intricate interplay.  
The temperature and intracellular KCl concentration of bacteria change with the 
external environment by maintaining similar values inside and outside the cell
115,116
. 
Conversely, it is able to maintain a pH homeostasis in response to extracellular acid 
stress where cells had been shown to be able to recovers to pH 7.0 in short time
138
. 
Although the regulation of free magnesium ions concentration is not clear, it is believed 
to vary within the range of a few mM
94,120
. From the result summarized in table 6a 
above, we can see that Dps and IHF individual DNA-binding properties response 
differently to environmental changes. However, DNA compaction is attained in all 
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buffer conditions when both Dps and IHF exists together, this is due to selective binding 
by Dps and/or IHF. This result of preferential selection of protein for DNA binding 
provides insights into the collective action between IHF and Dps in DNA binding and 
chromosomal organization. 
A schematic of the protein-DNA binding are shown in figure 6c below, 
according to the known structural and biochemical information about the proteins and 
their complexes with DNA. At high force, Dps and IHF can both binds onto DNA 
individually or simultaneously but not able to condense or bend DNA due to the force 
holding the DNA in its extended conformation. When force is decreased, Dps are able 
to condense DNA due to protein-protein interaction while IHF is able to bend DNA at 
the binding sites in the absence of magnesium and to juxtapose remote DNA sites 
together in the presence of magnsesium. Putting these two scenarios together, if both 
Dps and IHF binds concurrently onto DNA, they should be able to mediate a higher 
order structure mixed with DNA condensation, juxtaposition and DNA bending at low 
forces. Therefore, at all conditions in the physiological range, DNA is able to maintain 




Figure 6c. Schematic of DNA binding by Dps and/or IHF. Schematic diagram shows 
the DNA local binding and organization mediated by Dps and/or IHF, based on 
previously known structural and biochemical properties of the proteins. At high force, 
the proteins are able to bind to the DNA but not able to fold the DNA due to the force 
stretching it. As force is reduced, the proteins are able to interact with each other, 




6.5.2 Implications on bacteria’s gene regulation 
NAPs are global transcription factors which regulate gene transcription in 
different ways. Dps are known to cause global gene silencing
39
 while IHF selectively 
regulates the transcription of a set of genes depending to its DNA bending property
128
. 
These together creates a scenario that Dps and IHF may act together to control the 
balance of nucleoid gene transcription during the early stationary growth phase of E. 
coli, which is influenced by environmental changes. Since Dps is not present in the cell 
before the stationary growth phase and is only up-regulated upon nutrients deficient 
stress, we hypotheses that Dps-binding result in global gene silencing in the stationary 
phase in order to reduce the level of metabolism in the cell which in turn save resources. 
However, when the cell is provided with fresh medium with sufficient nutrients, it must 
be able to release from the Dps-controlled gene silencing situation in order to move on. 
This is where IHF comes in and play a crucial role. At these moments, IHF which is 
also present in the cell in stationary phase, will bind onto DNA and activate a different 
global gene transcription pattern. Therefore, upon release of environmental stress, the 




 In this work, we investigated the DNA binding modes and organization in a 
mixture of both Dps and IHF proteins in various environment conditions. These two 
proteins are the most abundant proteins present in the bacteria nucleoid during early 
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stationary growth phase, and it is believe that they perform their biological functions 
with concerted action. We observed that at all times in the buffer conditions tested, 
DNA is able to attain its compacted state due to binding to one or both of the proteins, 
and this was elucidated by comparing with the results obtained in the previous two 
chapters on DNA binding ability of each protein individually. Taking together, the 
results from this work suggest that E. coli is able to organize the nucleoid differentially 
in response to environmental changes by selecting a subset of available NAPs for DNA 
binding, which may be important not only for chromosome packaging but also for 





Chapter 7 Conclusion and future work 
7.1 Conclusion 
Bacteria are ubiquitous and may even exist in the most extreme conditions we 
can ever think of. These bacteria go through different growth phases, marked by their 
transformation in nucleoid architectures
6,7
 which are mainly organized by a set of 
abundance small proteins, termed the nucleoid associated proteins (NAPs). As these 
bacteria may encounter various types of stress in their natural habitat as well as when 
they are transmitted in their host from one place to another, they must be able to 
response to these environmental stresses in a short period of time. There are some small 
proteins up-regulated upon stress to cope with these lethal situations, referred to as 
stress-response proteins. NAPs and stress-response proteins are both crucial to the 
survival of bacteria; some NAPs also function as a stress-response protein. These 
proteins exist in varying abundance in the bacteria cell at a growth phase dependent 
manner and may be up-regulated in short time in order to activate their functions.  
Different proteins bind to DNA with different local binding modes, which 
mainly depend on how the unique protein structure and chemical properties enable it to 
interact with DNA. These local bindings will also affect the DNA organization in a 
longer scale. The DNA binding ability and organization of each protein will determine 
the biological function of the protein, such as DNA packaging and protection. In 
addition to that, binding by NAPs and stress-response proteins may also lead to 
important gene regulation and transcription functions. For example, when a protein 
binds and folds DNA, it is able to compact the long chromosomal DNA into a small 
volume. On the other hand, if a protein coats along the DNA to form a nucleoprotein 
filament, it may restrict the access of harmful molecules to the DNA and at the same 
time cause gene silencing. All of these are a form of self-protecting mechanism by the 
bacteria itself. All our work recorded in this thesis look into some important NAPs and 
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stress-response proteins in term of their DNA binding and organization, shedding lights 
on the implications on how they perform their biological functions in both structural 
maintenance as well as gene regulations and transcriptions. 
The first stress-response NAP we investigated on is the Dan protein, which is 
highly up-regulated in response to anaerobic stress. Dan is found to be able to 
polymerize along DNA in a positive cooperative manner, forming rigid filament with 
regular periodicity. We proposed a model for this periodic filament by analyzing the 
observations of its length and height: a Dan filament wrapping around the DNA in a 
helical fashion. In the present of magnesium ions, Dan is able to mediate DNA 
condensations and occasionally large aggregates. In addition to this, we also observed 
from AFM imaging of short DNA that the Dan-DNA nucleoprotein filaments can form 
concatemers by end-joining, likely due to the protein-protein interactions which lead to 
its positive cooperativity in the filament formation. The Dan-DNA nucleoprotein 
formation is able to restrict the access of DNase I to the DNA, hence protecting the 
DNA from digestions. In addition, its coating along the DNA may also lead to gene 
silencing. All of these shows that Dan is an important stress-response protein which 
helps in DNA packaging and gene regulation, however, its exact role in the anaerobic 
respiration still warrants future study in a more detailed and more in vivo relevant 
manner.  
Following this, we investigated a starvation induced protein, Dps, which had 
been widely studied by biochemical methods as well as AFM imaging. Besides being a 
stress-response protein, expression of Dps is also growth phase dependent: it is up-
regulated during the early stationary growth phase. Consistent with previous studies, we 
observed that Dps is able to bind onto DNA and mediate DNA folding. However, Dps-
mediated DNA folding is abolished at high magnesium ions concentrations as well as 
high pH, due to Dps failing to stably bind on DNA. However, Dps-DNA nucleoprotein 
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complex is stable against increase in temperature in the range tested. During the 
transition of bacteria growth into stationary phase, all the NAPs decrease in copy 
number to an amount almost negligible compared to their abundance previously in the 
exponential growth phase, except for the Dps and IHF proteins which are up-regulated. 
This leads to Dps and IHF being the two most abundant proteins in the bacteria cell 
during early stationary growth phase. So the next protein we investigated is, of course, 
the IHF protein. Previous study on this protein had revealed its ability to bind and bend 
DNA in the absence of magnesium ions, and also to juxtapose remote DNA in the 
present of magnesium ions. Here in our study, we investigate how the DNA binding 
ability of IHF is affected by changes in environment conditions. From our single-DNA 
stretching experiments, we observed that IHF is able to switch from DNA bending to 
DNA folding with the increase in MgCl2. In addition, we revealed that IHF-DNA 
nucleoprotein complex is stable against changes in pH and temperature, in the range 
tested.  
Since Dps and IHF are the only two NAPs up-regulated in the growth transition 
to early stationary phase, we expect that these two NAPs play important roles in 
ensuring the cell survival in this specific growth phase. Therefore, we hypothesize that 
proteins do not only function individually, but may also work in tandem with intricate 
interplay; their concerted actions may help the bacteria to have a unique set of gene 
regulation activity. Putting together the results from the individual experiments on Dps 
and IHF, we hypothesize that the two NAPs may be preferentially selected to bind to 
DNA at different environment condition to ensure that DNA remains in its compact 
state. Indeed, our experimental proved this to be true when we perform single-DNA 
stretching experiment by incubating the DNA with a mixture containing both Dps and 
IHF, at a ratio similar to their in vivo ratio. DNA folding is observed at all times, where 
the DNA binding switch from Dps and IHF to IHF alone at increased magnesium ions 
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concentration and pH. This allows the DNA to attain its highly condensed, toroidal 
structure irregardless of surrounding buffer condition, as this is its morphology in the 
stationary growth phase
7
. In addition to structural maintenance, Dps and IHF may also 
act together to control the balance of gene transcription as Dps are known to cause 
global gene silencing
39
 while IHF selectively regulates the transcription of a set of genes 
depending to its DNA bending property
128
. Immediate expression of Dps upon nutrients 
deficient stress suggests that Dps can result in global gene silencing in the stationary 
phase in order to reduce the level of metabolism in the cell which in turn save resources. 
But when the cell is released from environmental stress, IHF may be able to bind to 
DNA to release the cell from the Dps-controlled gene silencing situation, hence 
activating a different global gene transcription pattern.  
All of these DNA packaging and protection as well as gene regulation and 
transcriptions activities are crucial to how the bacteria can live and survive the extreme 
stressful environment. Single-molecule studies of the protein binding on DNA allow us 
to investigate its effect at the local binding sites and understand the DNA organization 
at a longer DNA scale. This will therefore allow us to understand more on the biological 
functions of these NAPs and stress-response proteins as well as how the proteins 
perform these functions.  
7.2 Future works 
There are new stress-response proteins continuously being identified and these 
small proteins are crucial to the survival of bacteria in the harsh and stressful 
environment. It is important to understand the DNA-binding mechanisms of all these 
new stress-response proteins in order to get insights and understand more on the stress 
response and its mechanism in bacteria in various environments. The ultimate goal that 
will allow us to fully understand the bacteria is to study all the NAPs and stress-
response proteins together as a whole, like how it should be in vivo. 
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